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ABSTRACT 


A vacuum spectrograph has been constructed with use of a concave speculum grating 
of 215.3-cm radius having 591 lines per millimeter. The familiar Rowland mounting is 
used except that the s/it is placed close to the grating, making the angle of incidence ap- 
proximately 80°. This results in high dispersion and resolving power. In the first order 
the scale varies from 3.64 A per millimeter at 1700 A to 2.0 A per millimeter at 300 A. 
Wave-lengths for spark discharge through magnesium and carbon electrodes are given 
from 1658 to 558 A. By flowing gases through the electrodes during the sparking, 
simultaneous gaseous and metallic spectra are obtained. 


INTRODUCTION 

The vacuum spectrographs ordinarily used for obtaining spectra 
in the extreme ultra-violet have been constructed so that the light 
from the slit reaches the grating at nearly normal incidence and is 
diffracted to the plate-holder located near the slit. The success of 
A. H. Compton and R. Doan’ in making a direct determination of 
the wave-length of X-rays, by the use of large angles of incidence 
of the beam and a plane grating, suggested that a similar arrange- 
ment might be used for exploring the extreme ultra-violet, particu- 
larly in the region of very short wave-lengths. 

DESIGN 

A vacuum spectrograph was constructed as shown in Figure r, 
which is drawn to scale. The source of light, the slit, concave grating, 

* Proceedings of the National Academy of Sciences, 11, 598, 1925. 
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and plate-holder are all located on a circle whose radius of curvature 
is one-half that of the grating. The image of the slit is then sharply 
focused along this circle. This would be a typical Rowland mounting 
if the slit were not so close to the grating, i.e., the angle of incidence 
so large. In designing the apparatus the usual equation 


m\ = d(sin i—sin £) 


was used to compute the angle of diffraction (8) for the various wave- 
lengths (A). The incident angle (7) was chosen as 80°. The grating 
available had 591 lines per millimeter and a radius of curvature of 
215.3 cm. From this and the geometry of the figure the inclosing 
brass tube was chosen of such size as to cover a range of wave- 
lengths from o to 1700 A spread out over 70 cm. (The region from 
o to 200 A covers 12 cm). J. Thibaud" has also tried the large-angle 
spectrograph but used a plane grating, his spectra from 0 to 3000 A 
extending only over 4.2 cm. 

Similarly the dispersion, or rather the scale (angstroms per milli- 
meter along the film), was calculated and found to be very great, 
having the same value at 740 A as that of a 21-foot concave grating 
in a Rowland mounting in the first order. This scale is not constant 
but varies with the wave-length (A) according to the relation 


s=V at+br\4+cr » 


where a, }, and ¢ are constants of the apparatus. The values found 
experimentally, for the first order, are given roughly as follows: 


Angstroms Angstroms/mm 
MI ccniin toed Si sw sk Wr Cited wie eubee aan ia 3.64 
er sig hnters's i wid a hae keine ol V0 ace ee 3.24 
CLs ¢wung Cte ndadudiVaebaleerenes 2.96 
Pte vetiste co tineNeeeenee pes 2.70 
Ns Seishin ies Sea ed than Gd Rs 2.30 
DE Micekin dws che awagenGecaduusias 2.0 


EXPERIMENTAL 
Several novel features were used in the construction of the ap- 
paratus. The source and slit in the side tube, the grating, and a base 


* Le journal de physique et le radium, 8, 13, 1927. 
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plate reaching the full length of the main body of the spectrograph 
were rigidly fixed to a short section of the main tube and could be 
removed from it as a unit (Fig. 1). The addition of a section to 
the far end of the base plate allowed the plate-holder to be used in 
the visible part of the spectrum. Also with use of the zero image, the 
apparatus could thus be adjusted in air—a great advantage over an 
alignment made in the vacuum chamber. 

The plate-holder, which covers approximately one-third of the 
total range, was mounted in vertical ways and could be raised by 
means of an electromagnet and gears so that several exposures could 








Tep View 
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Fic. 1.—Vacuum spectrograph using large angle of incidence 


be made on the same film without removing it from the vacuum. 
Two slightly tapered pins and a screw in the base of the holder, 
fitting into carefully located holes in the main base plate, allowed 
it to be quickly placed and clamped in any one of its positions. This, 
and the introduction of the films, was accomplished by removing 
the end plate the more distant from the grating. Paranite rubber 
(sulphur free) was used for all gaskets. 

Films were made according to the specifications given by Schu- 
mann! except that only half as much gelatin was used. Films made 
by Hilger and Company were also used. The two were quite com- 
parable. They were all made on extra heavy celluloid (1.35 mm 
thick). When lines were first obtained they were found to be curved, 
but this was due to a slight bulging of the film and was eliminated 
by clamping the films more firmly in the holder. 


t Baly, Spectroscopy, p. 375, 1912. 
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The “hot spark’? was used as a source. The secondary voltage 
was 40,000, the capacity from 0.008 to 0.032 microfarad, the external 
spark gap from o.1 to 1.5 cm, the internal gap (source) always less 
than 1 mm. The primary current of the transformer was 35 amp 
(110 volts), and was automatically made and broken twenty-three 
times each minute, the sparks lasting one-third to one-half second 
each. Considerable trouble was experienced in breaking these heavy 
currents until large copper terminals were used in transformer oil. 
The hot spark was observed through two windows in the source 
chamber. The total exposure times including the time for pumping 
out the gases given out during the spark were rarely greater than 
one hour, usually fifteen minutes, and occasionally only three 
minutes. 

Various gases were flowed through the electrodes in the spark 
chamber during several of the exposures. The oxygen was removed 
from tank hydrogen and nitrogen by passing them over hot-copper 
shavings and phosphorous pentoxide. Tank helium and oxygen were 
passed over hot-copper oxide and phosphorous pent-oxide. Two 
brass-needle valves in series were used to admit the gases to the 
electrode. The needle of the second valve was fastened to an iron 
plunger fitting into an electromagnet so that a small quantity of 
gas from the first valve could be admitted suddenly into the chamber 
just as the spark occurred. The continued operation of the pumps 
(and the small volume of the source chamber) cleared out this gas 
between alternate sparks, and, at times, between successive sparks. 


RESULTS 


Various spectra have been photographed from 200 to 1650 A. 
The lower limit is interesting since the grating was originally ruled 
for work in the visible. The accompanying titanium spectrum shows 
lines clearly at 224 A, and the original negative shows several more 
extending to 200 A. None of the lines above the first order were 
observed, but it is hoped that a suitable grating will soon be avail- 
able. 

As can be seen by the enlargement of the 834 oxygen line (Plate 
VI, No. 8), the resolving power is such as to separate lines 0.4 A 


tT. S. Bowen, Journal of the Optical Society of America, 13, 89, 1926. 
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TABLE I 
MAGNESIUM-CARBON ELECTRODES 
Int. LA. Vac. Accuracy Int. L.A. Vac. Accuracy 
eS 1658.02C 2S Be Ga ease a 989. 803N S 
Be acs oer 1657.19C 2S Ries ak wenn 988.54 B 
Pedcisctomuans 1656. 27C S ep ere 979.83 B 
Cole cawarnwie 1623.83 Cc hic teaetbrs 977.031C S 
Cree 1614.47 c a ee ee 944. 66 A 
dive ae 1611. 49 G Biter cares 937.46 Cc 
Bes ieee eel 1577-57 A een se 933.48 A 
Sie sau ae 1561. 381C S Buck hewn 916. 698N S 
eter 1560. 463C 2S RiGanwrases 915.990N 2S 
Be Sonate <ten 1550. 774 S Rip acistr aed 915. 603N S 
B.6 ods penne 1548. 189 > eres 9g04.046C 4S 
Evite ic water 1544.92 B “Pee ee 898.87 B 
RRC ee 1463.67 c Peak sak 884.60 B 
2. SS) ee Soe Bivccusesads 860. 44 B 
2. 1393.66 A BE ea cwte 858. 324C 2S 
Bsc nee 1378.73 & Rien seems 854.83 B 
oe Netigatinc 1362. 43 A Ae eee 852.13 B 
BEAN neces 1335. 705C S | NE eee 849. 25 B 
GOS cic eoeees 1334. 539C s ia tecio sack 835.2400 2S 
Ma dtc Weieene 1329. 204C 2S Diivksvea<aa 834.4620 S 
ee 1323.84 A | ee 833.7410 5 
ee ee 1304. 83 A Be os Suse pies 833.3260 5 
eos irre a a Creeps Biadccanewed 832.8410 2S 
BAS ccsheee ee ee eae eee Beas cnts stare 815.96 B 
Spree es 1268.93 B EE anes- 809. 67 A 
BAA Ree ee 1261. 25 B Soc nin ee cere 808. 73 B 
ee oe 1247.391C S ee 806. 58 B 
Wie bcc cae OS ele eee ey nee ne 803. 51 B 
Bick «inwe oak 1215.55 A Bs sie dueninats 799.71 B 
ee ee 1175.644C 6S "eC ae 796.6650 S 
Po aaiveenee 1158.75 A Bec cisese ied 790. 2050 S 
Recados 1152. 2. C eS 787.7160 S 
eee ee ee Sere 4.. 786.47 B 
eo: oe eta 1141.61C S See Pees et 779.8240 S 
alec saan SS i, eee Seen ear 753.75 c 
Pe icaecisteene WR? FO 2s anes Ge aero 750.2 B 
Diatmuatees 1085. 650N 2. Pa eer 748.43 B 
“ER 1084. 274N 2 ih eee 744.87 Cc 
Biedsatcaes ee Sere ie ae. 728.56 B 
Beas ciara 1076. 30 a kr ecath Roclotd 725.71 B 
:. ee an See | o.. 721.55 C 
6. 1005.97 C aca tee: faite 718.5320 2S 
Ec ceeae eee 1062.59 ay rs 716. 86 y 
4. 1051.72 B ee 710. 81 A 
ee 1037.021C S Be Sir. cate weet. 707.2 B 
20... 1036. 336C Ss ge, Sere 706. 2 B 
2 1025.71 A OE Oe 703.8530 S 
Bis caecaaieies 1021. 28 B , ¥ 702.8580 2S 
ee ee 1016. 52 A De Mies cs<s ace 702.3270 Ss 
“Te eee 1015.49 B S Beavsxereves 700. 09 B 
Oh oc ms cele | 1010.070C 35 B Bisseereees 698. 73 B 
Be te ee | 999.33 c D Mrvkasucan 696. 56 B 
Bice Seating Wie | oor.571N S a: 690. 51 B 
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TABLE I—Continued 


























Int. I.A. Vac. Accuracy Int. I.A. Vac. Accuracy 

—_ 
Wiser o oats 687. 202C 25 | i rr 608. 3900 S 
SERA Se 685. 669N 4S | Ce ee ee oe 600. 5830 o 
MSE ol ee eee HE 680.67 B Re See haat 599. 6000 S 
, ee ee 661.49 ty oe Le RR ee 597.820 S 
Dba agen aisers 657.38 c | PEN satin eiecn 594. 90C 2S 
| ere 651. 33 B I] Seer eeeee. | 585.43 B 
Mei etalesarereie ees 644.1590 5 1 ee eee 580.9750 S 
eer wrens 641.83 B ae aaa 580. 4090 S 
OE ere ee 625.8480 S ek cor eee 574.31 B 
sore stein 625.1260 a | 3 560. 52 B 
Ree oa guis 624. 6090 Pe | 2 558.07 B 
Reoacars nese iared 617.0640 o SP rate rorey cacerane 555.2700 Ss 
Metecvalcjare. bal 616. 3090 5 Aye BER ree 554.5070 3 
Whe org Sk cod 610. 80 A eT rah a fei daig tec 554.0660 = 
Beau siawerancs 609. 8280 S | | PGNRSeeenarares 553-3180 bs 

IO ree 609. 13 A 

| 








A=+0.04; B=+0.07; C=+0.10; S=Standard; 2S=Two Standard Lines 
Averaged. 


apart in the first order. The high dispersion and sharp focus obtain- 
able with the use of a concave grating in this mounting is clearly 
indicated in the section on design and in the photographs. These 
photographs (except the 834 line) are 23.7 cm long on the original 
films. 

Table I gives the measurements on the spectra using one elec- 
trode of magnesium and the other of carbon. The plates were meas- 
ured on a Gaertner 8-cm comparator, and readings were corrected 
for errors in the screw. The lines of carbon, nitrogen, and oxygen 
(labeled S in Table I) given by I. S. Bowen and S. B. Ingram’ and 
by Bowen’ were used as standards. Wherever the lines could not be 
resolved sufficiently the mean (weighted for intensities) was used. 
Occasionally one of the lines was omitted from the calculations of 
the dispersion and its wave-length determined with the others. A 
comparison of the results so obtained is given in Table II. Separate 
graphs were made of the scale for each exposure, the scale values 
being plotted at the mean wave-length between the standards. Also 
in making the measurements the scale was chosen midway between 
the standard and the unknown line’s roughly calculated wave- 


t Physical Review, 28, 444, 1926. 


2 Tbid., 29, 231, 1927. 
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length. This procedure was justifiable since the dispersion curves 
are very nearly straight lines (except near the ends of the plates). 
Each line was calculated from four to eight standard lines in its 
vicinity on each plate and averaged with similar sets from two to 
four exposures. The order of accuracy is given in the tables. Lines 
given only to the first decimal are probably correct to two- or three- 
tenths of an angstrom. 

On No. 5, a and ¢ show the spectrum taken under the usual con- 
ditions. In 6, hydrogen was passed through the electrodes during 
the exposure, clearly bringing out the first line of the Lyman series 


TABLE II 

Standard Measured 

SE ga nh in ixcck we ae tee eRee 1561. 368A 
Re his oo a rnliie oleae 1334.490A 
SNL ale ation gacdevawes 1085.651B 
SN an CN anew lint n ics 1084. 355B 
SEES Pee er ere 1025. 706A 
8 ee rr rere 977.063A 
clk ida ode peewee 904.070A 
NN Ms ccaiy La bu ew ice eee 787.744A 
ec os ch a ow ak en 718.520A 
a ils skid des 0d ase ace dea aan 687.256B 
REID 5.6205. cplag. pia Sarees 609. 846A 
I eg ee dec oe gas 608. 340B 
EN a arn sre a ee 554.052B 


at 1215 A. The second line at 1026 also appears on the original 
films. 

On No. 6, a and c were taken in the usual way but hydrogen was 
passed into the source chamber during the }-exposure. A continuous 
spectrum is observed from 1085 to about goo A. 

On No. 7, a was taken in the usual way but nitrogen was passed 
through the magnesium electrode for 6. The nitrogen lines at 1085, 
1084 —992, 990—917, and 916 are added. 

The customary appearance of the 834 oxygen line is given in 
8a. At certain times, however, it appears as in 0. This occurs when- 
ever a gas is passing through the electrodes and occasionally at other 
times. The lines 834.462 and 833.326 are brought out much stronger 
in 6 than in a, and 832.841 is somewhat enhanced. Bowen' gives 
1 Ibid. 
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these lines, and the shorter component of the 832.841 double, as 
due to o, and the rest as due to o,,. This indicates that the degree 
of ionization is less marked when considerable gas exists between 
the electrodes (coming from the outside, or possibly from the heated 
electrodes). Further, when the 834 line has the appearance of 8, 
very few of the o,,-lines appear in the spectrum, whereas most of 
them are present under the conditions of 8a. 


In conclusion the author wishes to thank Dean H. G. Gale for 
suggesting the problem and for continued advice and encouragement 
during its development. 


RYERSON PHYSICAL LABORATORY 
UNIVERSITY OF CHICAGO 
August 15, 1927 























SERIES AND IONIZATION POTENTIALS 
OF THE ELEMENTS OF THE 
IRON GROUP" 


By HENRY NORRIS RUSSELL? 


ABSTRACT 


Identification of series and calculation of ionization potentials —The recognition of 
the electronic configurations corresponding to the terms of complex spectra has made it 
possible to identify series (usually of two members only) in all the arc spectra from K 
to Zn and in the majority of the spark spectra from Cat to Zn*. A Rydberg formula, 
applied to the first two terms, gives approximate series limits. These have been cor- 
rected by an empirical formula, which, in the fifteen cases where the test can be made, 
gives results differing from those of the more exact Ritz formula by an average of +0.5 
per cent. Values of the first ionization potential for all these elements, and of the second 
for all but V, Cr, Fe, and Co, have thus been obtained. Approximate values for the 
latter have been derived with the aid of Moseley’s law. 

For most of these elements, there are four important modes of ionization of the 
neutral atom, and three for the second ionization, corresponding to changes between 
various metastable states (and still others are possible). Tables of the values of these 
important ionization potentials are given. 

The principal ionization potentials which measure the energy required for the change 
from the lowest energy state of the atom in one degree of ionization to the lowest energy 
state in the next are K, 4.32 volts; Ca, 6.09; Sc, 6.57; Ti, 6.80; V, 6.76; Cr, 6.74; Mn, 
7.40; Fe, 7.83; Co, 7.81; Ni, 7.64; Cu, 7.69; Zn, 9.36; and for the second ionization, 
Cat, 11.82; Sct, 12.80; Tit, 13.60; V+, (14.7); Cr*, (16.6); Mn*, 15.70; Fet, (16.5); 
Cot, (17.2); Nit, 18.2; Cut, 20.34; Zn*> 17.80. 

These values should be accurate to o.1 volt or better, except those in parentheses, 
which have been derived by Moseley’s law, and may be in error by as much as 0.3 volt. 

New terms in certain spectra.—New lugh terms, arising from configurations involv- 
ing a 5s electron, have been identified in the spectra of V, Mn, Co, and Mn*. Tables 
of these terms and of the multiplets involving them are given. The ionization potentials 


of V and Mn* have thus been determined for the first time. 


I. INTRODUCTION 


As appears from the data collected in the preceding communica- 
tion,’ series have now been detected in the arc spectra of all the 
elements of the iron group, and in the spark spectra of the majority. 
Most of the series consist of only two members, but even so they 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 342. 

2 Research associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 


3 Mt. Wilson Contr., No. 341; Astrophysical Journal, 66, 184, 1927. 
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should suffice to give fairly good values of the ionization potential. 
As a number of these series have been detected in the examination 
of the spectra made for the purpose of the preceding paper, it may 
be appropriate to give details concerning them and to collect the 
resulting values for the ionization potentials. 

Most of the atoms of this group can exist in many metastable 
states, and there are usually a great many ionization potentials, 
corresponding to transitions from each metastable state of the 
neutral atom, for example, to those states of the ionized atoms 
which would be obtained by removing one electron. We shall con- 
sider here, however, only those which involve the normal state of 
the atom or ion, or the lowest metastable states. These may be 
represented schematically as follows: 





Ill sa et A 
II (a) d®-2s (b) qa-t 
I d2-2¢2 (a) d®"-"s (b) 


For an atom with n electrons outside the “‘argon-shell’”’ and atomic 
number n+18, the normal state, when doubly ionized, corresponds 
to the configuration d"~?, in which all the electrons are in 3d orbits. 
Only the lowest of the numerous terms arising from this configura- 
tion concerns us here. By the addition of a 4s electron we obtain the 
configuration d"~?s in the singly ionized atom, from which the lowest 
terms are two of the same name as the “‘parent-terms,” but of multi- 
plicities greater and less by a unit, here denoted by (a) and (b). On 
account of Pauli’s restriction, addition of a second 4s electron gives 
rise to but a single low term for the configuration d®~? s*. Addition of 
a 3d electron to the original configuration gives d"~', for which the 
lowest term is usually of a different name, and is of multiplicity 
higher by a unit, unless n exceeds 6, when it is lower by a unit. 
Adding a 4s electron to this gives two terms of the same name, d"~'s 
(a) and (b). Details of the resulting states for all the elements of 
the iron group with term values are given in Tables I and II of 
the preceding paper. 
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As an example, we may indicate the terms in Mn: 


Mn 1 no OS S(ds) ae 

Mant 7$ (dSs) 8S sD(d°) 
—_—— PIES 8: 

Mn 6S (ds s?) 6D) (d's) 4«D 


There are usually four principal processes of ionization for the 
neutral atom, represented by the vertical lines in the diagram. (Two 
others which take the d®~'s terms into d®~*s by removal of a d 
electron need not be considered here). In each of the four processes 
the 4s electron is removed by stages, 5s, 6s, and gives rise to a series 
of terms with one of the principal spark terms as limit, and one of 
the principal arc terms as a first member. The second members of 
some of these series are known in all the spectra, and all four of them 
have been identified in Mn (see below) and in Fe, where they were 
detected by Laporte’—the first instance of the kind. 

For the singly ionized atom there are three principal types of 
ionization: two involving the removal of an s electron from d"~’s, 
and the other, a d electron from d®~*. Second members of some of 
these series are known in all the spark spectra except those of V, Cr, 
Fe, and Co, and those of all three series in Sc 1 and Jiu. The series 
involving changes in a d electron, is, however, not Ritzian, so that cal- 
culations of the ionization potential must depend on the other two. 

For atoms near the beginning and end of the group the number of 
possible states and series is smaller, as is shown in detail in the 
table already mentioned. 


2. NEW TERMS IN V, Mn, Co, Mn* 


For most of the data on which the series here discussed are based, 
reference may be made to the sources mentioned in the preceding 
paper. Certain terms, however, which were found by the writer in 
the course of preparation of the tables, may be given here, with the 
resulting multiplets. The notation needs no comment, except to 
say that the term values are always measured from the lowest level 
in the spectrum. The suggested new term in Ca is a mere fragment, 
and the only reason for believing in its reality is that it falls in just 


* Proceedings of the National Academy of Sciences, 12, 496, 1926. 
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TABLE I 
NEW MULTIPLETS IN ARC SPECTRA 
Cat 
xD; 
46704.0 
oS gS See a eek Ree ee ee ROCC eee oer ae 
ajF,....| 35807.2 {10807 .3 MWe Dice AMEE HE Gia his Ras pegie MA hoe SaaS heetab cals 
I: SSR ea, Srey anne Lee enna 
; 0 FRR, SE eer ere) Meera mene mrs me ki CenrhA rh rte gentane 
ee eC | chores plvinled ow aren: bare wincxtccebiwietida Rgrebnials epeiewae seats 
i SRR Sree teekeetes iat icnenrey tan setadhenbone tel 
Vi 
biFé bF5 DF; bsF} 
39596 .94 39391 .75 39241 .25 39126 .92 
F SEEN Bia vakc.enmenedine ah Earciiakotes oo aa eee rawane cove ewan es 
tee UR I en gi dawn aves. desing cin vbakuiubicdsbinddiwdecdexe 
{ Of SE Soe an Sa eee ee ere ee 
, EO iL En ae, aN oe ae, ey ee 
Sco vl BOUOE OE Bo aikccicciccasences 6 a? SAR eee eee DS ee ae hee 
a ee Sere AS Hea) Aer ear 
, [SE REED Bs hg adiies eoisees<ue 
Sass IN Be igo og oc. o aivcpxaek vise oS ociviwalh Me ee to aeciceiceme 
a Pe eee 
{ 5783.s9(2 III) 
aia Sa 5 costes sok Aled Sak wea AE once. SioDin du kkaben 17285 .52 
(5.52) 
: | ee aria, Cr A a eee ere oe oe 
ee ee ee eer la net eens 
| es, Se En ATES, SEAR PR Bets SORT eae 
ee ee || ee et do ne ee ea a 
, gO fs eee eee 
5 Or EG Soci cece Sed igedtes teGredeuwkeseee OSS es? A ee eee 
' eee 86s CO Dawakedowaevivanas 
: { 5397 .93(1 IV) 
i gla a oe I a EO oe de oy ween 18520.48 
{ (0.46) 
{ 6218.31(3 IV) ND NE I ken sb oe pees one aEee con deamennaroen 
béFs....] 23519.84 |{16077.10 LS Si Scere ater Sahl me me apie 
(7.10) ER Baer ena dinwaswdlewele owasans ea npenwews 
i RE I Bd Ucn ov -0's.n.aib doa oh eae Oe ARS eS 
ee GD eee EE Mae oa. aes eae gaa ae Plead Bas 
cae, | | Raiwdnrwiic ke achuweadeaeweonpecepadees 
oo a a rere eer r re 
GS Se eee a, Saree nea ee eRe eee == Beco iesasceee 
rt eee =i“ te rasan ees 
6233 .20(12 I A)* 
RSS G0, AER EER te rot) TRO ener enS iS Sean eae NRE tee {16038 .95 
{ 8.88 




















* Masks the expected line. 
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TABLE I—Continued 



































Mnt 
CDs oD, D; oD, 
56189 .46 56356.11 56490 .49 56616 .57 
rf 6942 .57(5) I 8 Bete auisule dasa aie stad xateutore 
a°Ds....| 41789.44 |{143909.92 ee Ev awadinbichev chan cpulersnoswewnenswons 
(0.02) Re EAR SATS Nee: “SSL PS Penn eit 
; 7012 .22(2) 6931 .27(3) renee ee ee 
a°D4....] 41932.64 |(14256.88 14423 .40 NG SSAC Pee Re 
(6.82) (3.47) aS ae, eee ew 
P (Ricki sviwdunnientesicsreduwacdwnnn ene 
RY Eee Rea ON ES PES: 5 a ae me 
2 ee, SO eee ees Ree a een 
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. t ia intensities are those tabulated by Meggers; King’s temperature classification is added when 
available. 
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|| Masks the expected line. 
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the right position, the limit of the series being known from other 
data. Further observations in the infra-red are desirable to confirm 
or disprove it. 

The new multiplets in V are weak, in Mn fairly strong, though 
the intensities fall off so rapidly that the component of lowest inner- 
quantum number cannot be identified. Those in Co are remark- 
ably strong, and account for almost all the heavy lines in the 
deep red. In all these cases the position of the high term was 
approximately predicted by means of the regularities discussed in 
the preceding paper, and the multiplets were then very easily found. 

The resulting series in V 1 converge to the *F’ term of the spark 
spectrum, thus giving the ionization potential which was previously 
unknown. Those in Co 1 also converge to a *F’ term, which must be 
the lowest in the spark spectrum, which is very incompletely ana- 
lyzed. The series in Mn 1 converges to the *D term in Mn uy, as 
does also one involving a 4D term, previously known. This gives a 
good approximation to the relative levels of the 7S and *D terms 
in Mn tu, and made it rather easy to find the intersystem combina- 
tions which fix these levels exactly.‘ Further search revealed an 
“inverted” triplet which locates a high 7S term in series with the 
low one. These lines are given by Exner and Haschek, but have 
been remeasured on a plate kindly taken by Mr. King. They appear 
in the spark only, and are unsymmetrical and diffuse toward the red, 
differing widely in this respect from any other lines in the neighbor- 
hood—all of which characteristics are just what might be expected 
of lines arising from the transition to which they have been attrib- 
uted. The frequency differences are also in very good agreement. 

All of the lines of Mn 1 which thus far have been classified are 
given in Table II. This spectrum includes many other strong lines 
which probably arise from metastable terms not yet identified. The 
triplet of the quintet system, corresponding to that found in the 
septets, was sought for in vain and is probably faint. 


3. THE SERIES LIMITS 


By applying a simple Rydberg formula to the first two terms of 
any series, an approximate value of the limit and the ionization 


* These combinations have been found independently by Black and Duffendack. 
Science, 66, 402, 1927. 
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potential can be obtained. Experience shows that this value is 
usually nearly correct when the series is produced by the removal of 
an s electron, since in such series the Ritz correction is almost always 
small. Series involving changes in a d electron are usually very regu- 
lar, except for the lowest term, when this involves the binding of 
the electron as part of an incomplete shell. In this case the energy 
of binding is considerably increased, and the application of a simple 
Rydberg formula puts the limit a great deal too high. 

Series involving a p electron, when d orbits are also present in 
the atom, are usually quite incapable of representation by a simple 
formula,’ and the application of one to the first two terms would 
give wholly wild results. 

In the iron group the majority of the series which can be identi- 
fied are fortunately of the most favorable type for discussion with 
limited data. By applying the Rydberg formula to the data given 
in Tables I and II of the previous paper the results listed in Table ITI 
were obtained. For brevity the four types of series which may in 
general appear in the spectrum are here denoted as follows: 


A d®-?s? to limit d"-?s (a) (higher multiplicity) 
B d®-?s?_ tolimit d"-?s (b) (lower multiplicity) 
C d®-'s (a) to limit d®- 
D d®-'s (b) to limit d®-! 


The series C and D should have the same limit, but the limits of A 
and B differ from this and from each other. When the differences 
between these limits (which are well-known terms of the spark 
spectrum) are found from analysis of that spectrum, a direct check 
upon the relative accuracy of the approximation involved in using 
the Rydberg formula is possible. Its absolute accuracy can be tested 
only when at least one series is known in which there are three or 
more terms, and when a Ritz formula can be employed. The other 
limits may then be found from that of this series by adding the 
differences of level which have been determined in the spark spec- 
trum. 

The first column of Table III gives the element and the second 
the designation of the series, as just explained. The third and fourth 


* Cf. Fowler, Report on Line Spectra (London, 1922), p. 42. 
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columns give the term values, from Table I of the preceding paper, 
for the configurations including a 4s and a 5s electron, and the next 
the limit (which is the energy level of the corresponding state of the 
spark spectrum referred to the standard energy level in the arc spec- 
trum) as derived by a Rydberg formula. The sixth column gives the 
relative levels of these limits as determined from the analysis of the 
spark spectrum, and the next, the absolute levels determined by a 
Ritz formula when three or more members of some series are known. 

The third member of the A series in Fe I suggested by Gieseler 
and Grotrian' has not been included. It is determined by a single 
multiplet of faint lines, a combination from the *‘P term. Most of 
the energy levels involved are clearly real, but they do not combine 
with the related 5D’ or 5F terms, and it is therefore very improbable 
that they represent the d"~?s (6s) configuration. The term sep- 
‘ arations are also much smaller than those of the other two series 
members, or the limiting F term a°D in Fe 11. The doubts regarding 
this term expressed by Laporte’ appear to be fully justified. 

In the spark spectra we have two types of series: 

C d®-'s (a) to limit d®"-" 
D_ d®~-'s (b) to limit d®-" 


The corresponding table (Table IV) is simple, since there is but a 
single limit. 

The series in Tables III and IV refer in all cases to the leading 
component (of greatest inner-quantum number), and the limits 
give the leading components of the spark terms. The subtraction 
of the quantities given in Table III under the heading “Spark” 
suffices to reduce these to determinations of the relative position of 
the levels used as origins of measurement in the two cases. A similar 
correction cannot yet be made for the spark spectra, as the multiplet 
separations of the lowest terms in the third spectra are known only 
for Sc u1 and Ti 111. This correction is, however, too small to be of 
practical importance. 

The next to the last column of Tables III and IV gives the error 
in the limit determined from the first two members by a Rydberg 

' Zeitschrift fiir Physik, 25, 169, 1924. 

* Proceedings of the National Academy of Sciences, 12, 502, 1926. 
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formula, expressed as a percentage of the distance from the lowest 
term to the limit. It is positive, i.e., the first two members indicate 


TABLE III 


SERIES Limits IN THE ARC SPECTRA OF THE [RON GROUP 




















Element | Type 48 58 Rydberg Spark Ritz Laney nal — 
| ee C © | 21,026 | 35,439 o | 35,006 | +1.2 | +1.6 
Ca..... A © | 33,317 | 51,438 © | 49,305 | +4.3 2.3 
Cc 20,371 460,704 | 62,841 535732 63,016 | —0o.7 I.9 
es Swan A 168 | 35,746 | 54,453 nt See. Seas 2.4 
C 11,677 42,085 | 59,414 a See ware 2.2 
ee A 387 | 37,825 | 56,905 393 | 55,523 | +2.7 2.6 
B 387 39,786 | 59,429 4898 | 60,028 | —1.0 2.9 
Cc 6843 | 39,413 | 57,334 1216 | 56,346 | +2.0 2.3 
_ gree A 553 39,597 | 59,154 BN be ans aceebsleweuee 3.7 
Pace. A 557 41,074 | 60,980 ° 59,388 2.6 3.7 
& — 9751 29,145 | 48,182 |—12,498 | 46,890 2.8 2.5 
D — 158 30,132 | 47,428 |—12,498 46,890 ee 2.2 
Mn....| A o | 41,404 | 61,515 © | 59,937 2.6 2.7 
B © | 49,415 | 71,262 9473 | 69,410 2.7 3-2 
Cc 17,052 | 56,190 | 75,770 | 14,324 | 74,261 2.6 2.7 
D 23,207 | 57,306 | 75,607 | 14,324 | 74,261 2.6 2.4 
re A © | 44,677 | 65,523 ME, Ae ore 2.9 
B © | 51,351 | 73,587 et Ee, RL At .% 
Cc 6928 47,006 | 66,808 ot ae, Se eee 2.7 
D 11,976 | 47,961 | 66,743 eet ee teem one © 2.5 
Saar A © | 47,524 | 68,979 O Licdvine dees Ce 
. 3483 44,782 | 64,371 me aoe Goo 2.7 
D 7442 45,925 | 65,349 —? eee Gee 2.6 
| 
: re A © | 50,466 | 72,526 “Re eevee: ere ee 4.3 
& 205 42,606 | 62,944 “7 APS, Eee 2.8 
D 3410 44,263 | 64,247 eR cicGitee scien 3.9 
Ce... A © | 53,455 | 74,911 ° | 73,030 2.6 3-4 
C |—11,202 31,934 | 52,438 |—21,925 51,105 2.9 2.8 
ee A © | 55,788 | 78,883 ° 75,707 | +4.1 | +3.6 























too high a limit, for all the series but two, which happen to be about 
the least reliable of the lot. The rejected term in Fe also led to a 
negative error. 

For the rest of the series the percentage error is clearly a function 
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of the length of the series itself. Dividing the terms for the spark 
spectrum by 4 to make them comparable with the others, and taking 
means by groups, we find: 


Length of series...... 32,300 50,500 59,000 75,000 
Percentage error...... +1.5 +2.5 +2.6 +3.1 
Pi iGin be ceese as 3 4 6 3 


These may be represented by the empirical formula 


Percentage error= 4.5 10~5X (length of series). 











TABLE IV 
SERIES Limi1Ts IN THE SPARK SPECTRA OF THE IRON GROUP 

Element Type 48 5s Rydberg Ritz P —— = 
ae Cc ° 52,167 97,060 95,748 +1.4 +1.1 
oe & 178 57,743 SOE. ciscucateceweacs 1.2 
D 2541 58,252 I Bek cis o55 only aco r.3 

5x0 & 393 62,504 Uc Ui) eae Seay cea - 
D 4808 63,445 SE coc ok oa eee 1.2 

Mar. ..... Cc ° 74,558 i es Spammers: £.¢ 
IF cai Cc ° 83,404 SEE? Di. inate eecee suc 1.6 
D 5156 85,132 SRS Fost b se kee ar eas 1.6 

ae Cc ° 86,084 5? See eee: 1.6 
D 43360 88,435 Oe 0) eee ee. ee eee 1.6 

a Cc ° 88 , 436 147,548 144,890 +1.8 +1.6 


























The values computed by this formula are given in the last column of 
the tables. The average difference between the observed and com- 
puted errors is +o0.5 per cent (rejecting the two anomalous series 
already mentioned). It appears probable, therefore, that the applica- 
tion of these computed corrections, in the cases where only the 
Rydberg formula can be employed, will lead to rather accurate 
values for the limits. The resulting values are collected in Table V, 
which gives the distance of the lowest term of each of the series A, 
B, C, and D from its own proper limit, rounded off by omission of the 
last two figures, which in this case are quite uncertain. 

The values have been adjusted to take account of the known 
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TABLE V 
LIMITS FROM EMPIRICALLY CORRECTED RYDBERG FORMULAE 
V v/R 
SERIES Element v Element v 
Arc Spark Diff. 
i esvas K 34, 800 Cat 96 ,000 0.619 0.936 0.317 
ere Ca 50,300 ll SA Se DOOR DS Scene 
Ci. Ca 43,700 Sct 103,700 .632 973 341 
 Staens Ca 42,200 Sc IOI, 200 622 0.961 339 
ee Sc 53,200 gt RES SES See Saas 
B. Sc 55,700 gh SEAGRAS SRG? ee: OP. See 
eee Sc 46,500 Tit 110, 200 652 1.003 352 
eee Sc 43,200 Tit 105 , 300 .628 0.980 352 
| Ti 55,000 cab, Geer ia: Tees Eee epaes Greener 
e.. Ti 59,900 7 dt ahs pe RE PREC ere 
Sekine Ti 49,400 V (116,000) .672 (1.030) | ( .358) 
er Ti 44,400 vt (109 ,000) .637 (0.999) | ( .362) 
) ere V 57,000 Gee ESS SEAS, CCE. Pon Ape 
ae V DE a ROT: RR RES Oe 
i ictecia V 52,300 Crt (122,000) .692 (1.056) | ( .364) 
eer V 46,000 Crt (114,000) .649 (1.020) | ( .3712) 
Be cee Cr eg ee? e eee! seewegenees 
Be oc tens Cr 66, 500 ap SESS IS SORE OES 
See Cr 54,300 Mn 126,800 705 1.076 37 
ee Cr 46,700 Mn 117,300 .654 1.035 381 
|. Mn 59,800 hg Ma ai es aa 
_ eee Mn 69 , 300 GERI SARS SR: Seer 
eee Mn 57,200 Fet (133,000) 723 (1.100) | ( .377) 
Ae Mn 50,900 Fet (124,000) .682 (1.066) | ( .384) 
: errr Fe 63,400 "ye Gee! See SOE. py ep a ape 
eee Fe 71,400 Uo gg RE Ae eee, pamteenrn! Semcmrirete cde ype oF 
ere Fe 58,300 Co (136,000) 730 (r.112) | ( .382) 
_ eee Fe 53,300 Co (129,000) 698 (1.084) | ( .386) 
cin thai Co eS ge See Earn eee Stour 
Teens Co ? ge BRS DS Se Sore 
 arrere Co 59,800 Nit 138,800 30 1.126 . 387 
BPs iced Co 55,900 Nit 133,600 14 1.103 . 389 
eee Ni 70,100 ga SE, Pe! Spree! IE cere re 
Bee ’ Ey Eee “2 nal SS Sere ns) (erceraremnen Pear eas rare 
Res enciven Ni 61,700 Cu 142,800 .750 1.141 -391 
ee Ni 58,510 Cut 138,500 732 1.12 . 392 
| eee Cu 72,500 dt OP SMe ERR yn Aree meee 
Bich che Cu 76,800 tt CR SNS RAD fee 
Rats «mts Cu 61,900 Zn 145,200 0.751 1.150 0.399 
) Zn 76,100 ERE Ce: See. penne Perr 
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differences in level of the arc and spark terms. For example, for 
Fe 1, subtracting from the values in the fifth column of Table III, 
which give the levels of the limits compared with the standard level 
in the arc as determined by the Rydberg formula, the corrections ob- 
tained by multiplying the distance of each term from its limit by the 
percentages given in the last column, we find for A, B, C, and D, to 
the nearest hundred, 63,600, 71,200, 65,200, 65,400. Subtracting 
from these again the spark levels given in the sixth column, we find 
63,600, 63,200, 63,300, 63,500, which are four independent deter- 
minations of the difference between the lowest levels in the arc and 
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Fic. 1.—Ionization potentials of arc spectra. Large circles denote principal 
ionization potential. 


spark. The mean, 63,400, is entered in Table V under “A” (where it 
belongs). The differences B, C, and D are then found by adding the 
level differences in the spark for their respective limits, and sub- 
tracting those in the arc. A considerable number of entries can thus 
be obtained for series in which only the first term and the limit are 
known. 

The resulting limit-values, which represent the energy of homolo- 
gous ionization processes in the successive spectra, run very smooth- 
ly, increasing steadily with the atomic number, so much so that it 
would probably be fairly accurate to fill in the missing values for 
the spark spectra by simple interpolation. It may be preferable, 
however, to apply Moseley’s law. According to this, the differences 
of the quantities V »/R, where R is the Rydberg constant and » the 
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quantity which is given in Table V (i.e., the term value referred to 
its own limit), should be nearly constant for successive corresponding 
spectra. The values are given in the latter part of Table V, and run 
very smoothly, so far as known. When plotted, they show a break in 
the slope of the curve at the point of maximum multiplicity, Cr 1 and 
Mn ut, such as is exhibited in several other cases in Figures 1, 2, and 
3 of the preceding paper and Figure 1 here. Interpolating the values 
of this difference numerically across the gaps and calculating back- 
ward to the term values in those spark spectra for which they are 
TABLE VI 


IONIZATION POTENTIALS 








NEUTRAL ATOM IonIzED ATOM 
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Principal b Principal 
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4-32 
6.09 
6.57 
6.80 
6.76 
6.74 
7.40 
7-83 
7.81 
7-64 | 17.15 
7.69 | 17. 
9-36 | 17.9; 
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unknown, we find the values given in parentheses in Table V. 

the general run of the other curves, it seems probable that the error 
in the estimated differences of ¥ v/R does not much exceed o.o1, 
which would correspond to about 2300 wave-numbers in the esti- 
mated term values in the spark. 

From the data of Table V the various ionization potentials of the 
atoms can immediately be derived. These are collected in Table VI. 
For convenience the notation is repeated. The ionization denoted by 

A is d®~-? s? to d®—? s (greater multiplicity) 
B is d®—? s? to d®~? s (smaller multiplicity) 
Cis d"—' s (greater mult.) to d®"-* (arc) 
| d®-? s (greater mult.) to d®—? (spark) 
D «| d®"-" s (smaller mult.) to d"-* (arc) 
| d®-? s (smaller mult.) to d®-? (spark) 
E is d®-* to d®-? (spark) 
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The values listed under these headings are all derived from the 
first two members of the series by means of a Rydberg formula cor- 
rected as described above. 

The “‘principal’’ ionization potentials represent the difference in 
energy between the normal states of the atoms in successive degrees 
of ionization. Those for Ca, Sc, Ti, Mn, Fe, and Zn correspond to a 
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Fic. 2.—Ionization potentials of spark spectra. Large circles denote principal 
ionization potential. 


transition of type A; for A, Cr, and Cu, to type B (both involving 
the removal of a 4s electron); while for V, Co, and Ni, the transition 
involving the least energy change is from d"~’s? to d®~* and in- 
volves the simultaneous removal of one 4s electron and shift of 
another from 4s to 3d. In the spark spectra the principal ionization 
involves the removal of an s electron in Ca, Sc, Ti, Mn, Fe, and Zn, 
and of a d electron in V, Cr, Co, Ni, and Cu. The values given in 
heavy type are derived from longer series and are of course to be 
preferred. The average difference between these and the values 
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given by the approximate formula is +0.04 volt and the greatest, 
0.12 volt for Ca, so that the approximation appears to be a good one. 

For V*, Cr+, Fe*, and Co*, the ionization potentials have 
been derived from those of the neutral atoms: 7i, V, Mn, Fe, by the 
application of Moseley’s law. These values are given to only one 
decimal place, and may be wrong by two- or three-tenths of a volt, 
but probably not more. 

The ionization potentials are plotted in Figures 1 and 2. The 
smooth course of the values corresponding to the removal of a 4s 
electron under similar conditions contrasts strikingly with the ragged 
sequence of those for a 3d electron (Fig. 2). The principal ionization 
potentials are marked with large circles. The way in which the ir- 
regularity of their run arises from alternations between processes 
C and E in the spark spectra, or C and A in the arc, is now immedi- 
ately comprehensible. 

Much work remains to be done on many of these spectra, but the 
present summary may be of use, both in astrophysical and physical 
applications, and in suggesting profitable lines for fresh spectro- 
scopic analysis. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
June 16, 1927 


ADDENDUM 


The differences between the ionization potentials A and B, or 
C and D, admit of a simple explanation. The reverse process for the 
transitions C and D, whether in the arc or the spark, consists of 
adding a 4s electron to a partially completed shell of 3d electrons. 
In case C, the multiplicity is increased; that is, the added electron 
is spinning in the same direction as the resultant spin of those already 
present. In case D, it is spinning in the opposite direction. Now, as 
Hund has pointed out, the magnetic interaction produces attraction 
in the first case, and repulsion in the second, so that the energy of 
binding is greater for C than for D. 

The magnetic moment M of the group of d electrons increases 
from a single magneton in Ca and Sc* to five in Cr and Mn* and 
then diminishes to one unit in Vi and Cu*. The differences C—D are 
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actually nearly proportional to M, and greater in the spark than the 
arc spectrum. The differences A—B in the arc spectrum are neces- 
sarily identical with C—D in the spark. 

The curious discontinuity in the run of the ionization potentials 
E is now intelligible. The reverse of this transaction involves the 
addition of a 3d electron to a group of similar electrons. From Cat 
to Cr*, the multiplicity is increased by the change; beyond this, 
owing to Pauli’s restriction, it is diminished. The magnetic force 
should therefore change sign between Crt and Mn‘, just where 
the observed discontinuity occurs. In the arc spectra the difference 
in energy between the configurations d"~’s? and d®~‘s should show 
a similar discontinuity between the same elements; and so it 
does. 

The means of the values A and B, or C and D, should be unin- 
fluenced by this effect of spin. They actually run much more 
smoothly than either series alone, increasing by almost uniform in- 
crements. This makes it possible to represent the ionization po- 
tentials approximately by means of very simple empirical equations 
as follows, Z being the atomic number, and M the magnetic moment 
defined above. 


Arc Spectrum Spark Spectrum 
A=0.320Z—0.13M C=0.6012Z+0.13M 
B= .320Z+ .13M D=o0.601Z— .13M 
C= .262Z+ .10M E=1.12 Z +0.40M—12.co 


D=0.262Z—0.10M 


The values resulting from these formulae, and the residuals for 
the observational data, are as shown on page 254. (Residuals depend- 
ing on terms not observed, but estimated as series limits, are given 
in parentheses.) 

For the six types of ionization corresponding to the removal of a 
4s electron, the agreement is remarkably good (except for K 1, 
which is quite out of line with the others). The mean, regardless of 
sign, of the fifty residuals (rejecting A 1 and the less accurate values 
in parentheses) is +0.066 volt. Only five disposable constants ap- 
pear in the formulae which represent these fifty observed values so 
closely. It is evident, therefore, that the processes of ionization of 
the elements of the iron group are remarkably regular. The nine 
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estimated values give an average residual of +-0.20 volt (which per- 
; haps indicates that the estimates are a little too high). 

For the transition E, involving the removal of a 3d electron from 
a partially completed group, the constants of the formula are larger, 
and also the residuals, which average +0.28 (including many 
estimated values). Though much more irregular, these are small 
enough to justify the explanation of the discontinuity given above. 
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SECONDARY STANDARDS OF WAVE-LENGTH; 
INTERFEROMETER MEASUREMENTS OF 
IRON AND NEON LINES" 


By HAROLD D. BABCOCK 


ABSTRACT 


After some discussion of the technique, standard wave-lengths are given for 286 
iron lines, \ 3407-\ 6677, Table I, and for eleven neon lines, \ 5852-\ 6506, measured 
in terms of the primary standard, \ 6438.4696 of cadmium. The neon wave-lengths 
agree precisely with the values that have been adopted as secondary standards. Wave- 
lengths found for iron lines are systematically less than the adopted values, confirming 
results from other laboratories. From detailed comparisons it is concluded that the 
adopted system would be improved by a reduction of about 2 parts in 5,000,000 for 
wave-lengths less than \ 5506, and by a linear reduction in the red region amounting to 
5 parts in 6,000,000 at \ 6200, and to 8 parts in 6,000,000 at A 6600. 

The systematic differences between the results of different observers are discussed 
and partially explained. 

Table V gives a few additional wave-lengths obtained by the adjustment of 
earlier observations to the new scale. Table VI gives supplementary wave-lengths, 
d 6213-A 7586, for 63 iron lines observed under arc conditions somewhat different from 
those specified for the production of secondary standards. 


I. INTRODUCTION 


The development of the interference method of comparing wave- 
lengths by Fabry and Perot? and its subsequent extension and appli- 
cation by Fabry and Buisson,’ Pfund,* Eversheim,' and others 
seemed to place the resulting system of secondary standards of 
wave-length® almost above criticism. Indeed, for fifteen years the 
most exacting tests have failed (except in the case of unstable lines), 
to reveal any errors as great as 2 parts in 1,000,000 in the adopted 
list of standard iron lines. 

The observations of Meggers, Kiess, and Burns,’ of Monk,’ and 

* Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 343. 

2 Astrophysical Journal, 15, 73, 1902. 

3 Comptes Rendus, 143, 165, 1906; 144, 1155, 1907; Astrophysical Journal, 28, 169, 


1908. 
4 Ibid., p. 197, 1908. 


5 Ibid., 26, 172, 1907; Zeitschrift fiir wissenschaftliche Photographie, 5, 152, 1907. 
6 Transactions of the International Astronomical Union, 1, 41, 1922. 

7 Scientific Papers of the Bureau of Standards, 19, 263 (No. 478), 1924. 

8 Astrophysical Journal, 62, 375, 1925. 
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the preliminary work of the writer’ indicate, however, that a minute 
systematic adjustment would improve the adopted system of stand- 
ards; and this is fully confirmed by the results now to be presented. 
The occasion for such an adjustment arises partly from the adoption? 
of new specifications for producing the iron spectrum, partly from 
improvements in the photography of the red part of the spectrum, 
and perhaps partly from the modern practice of transmitting the 
light of cadmium or of neon through the entire apparatus to the same 
plate which records the iron lines. 

This paper describes details of the technique that has been fol- 
lowed and discusses a comparison of the results with those of other 
observers. 

2. APPARATUS AND METHOD 

The concave-grating spectrograph with interferometer attach- 
ment has previously been described,’ but the grating itself and the 
plateholder were those to which reference has been made in a later 
paper.* A few plates were made with the aid of a small auxiliary 
spectrograph having a concave grating of 2-m radius mounted in 
parallel light. Seven pairs of planes were used in the etalons: some 
of fused quartz, some of glass, and one of crystalline quartz. Nine 
separators of either fused quartz or invar, ranging in thickness from 
2.5 to 20 mm, served to keep the planes at fixed distances. Silver 
was usually sputtered on the planes to increase their reflecting 
power, but in a few cases gold was substituted. 

Projection of an image of the source of light was accomplished 
by means of a concave mirror 40 cm in diameter and 46 cm in focal 
length, so arranged as to give about 7 diameters enlargement. Except 
for a vertical diametral strip 10 cm wide, the mirror was covered, 
since this reduces the radiation incident on the etalon to less than 
one-third of what it would be if the entire mirror were exposed, and 
still gives full illumination of the apparatus. A water-cell was gen- 
erally placed before the etalon, and no radiation from the arc ter- 
minals was permitted to reach the etalon or its supports. 

t Physical Review, Ser. 2, 25, 716, 1925. 

2 Transactions of the International Astronomical Union, 1, 36, 1922. 

3 Mt. Wilson Contr., No. 137; Astrophysical Journal, 46, 138, 1917. 

4 Mt. Wilson Contr., No. 328; Astrophysical Journal, 65, 140, 1927. 
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A distinct advantage is found in a strictly achromatic image of 
the source, accurately focused on the diaphragm of the etalon. This 
may be illustrated by comparison with the case of a quartz lens of 
30-cm focal length used for projecting a fourfold magnified image 
of the arc on the interferometer. If such a lens is set to fulfil the 
foregoing condition for A 5893, it is found that for \ 7200 the image 
is 6.3 cm from the interferometer, while for \ 3000 the image is 
35 cm distant in the opposite direction. Further reference is made 
to this matter below. 

It is customary to photograph lines of iron and of neon or 
cadmium on the same plate, by means of either divided or si- 
multaneous exposures, or a combination of both. For example, ten 
photographs were made in the yellow-red region for which iron and 
neon spectra were simultaneous and cadmium was added by divided 
exposures. This was accomplished by projecting a real image of the 
neon lamp into the central region of the iron arc and again projecting 
the combined light by a concave mirror to the etalon. The concave 
mirror was mounted on a heavy iron table, capable of smooth rota- 
tion about a vertical axis and provided with a divided circle reading 
to one minute of arc. The cadmium lamp was situated symmetrical- 
ly with respect to the combined iron and neon lamps, on the opposite 
side of the line joining etalon and concave mirror, so that nothing 
need be moved except the mirror, which required only a rotational 
displacement. Special care was taken to insure full illumination by 
each source separately. 

In the case of other photographs the cadmium source was omit- 
ted, and the arrangement described above was used without moving 
the projecting mirror. Again, the neon and iron lamps were alter- 
nately projected on the etalon by rotation of the concave mirror, and 
in this case various schedules of exposure were followed, such as neon- 
iron-neon, iron-neon-iron, iron-neon-iron-neon- ...., etc. For all 
these cases the measurements showed no difference, a result depend- 
ent on the excellent stability of the apparatus and on the smallness 
of the variation in the etalons during the time of an exposure. 

The iron arc was of the Pfund' type, and was used according to 
the latest specifications adopted by the International Astronomical 


t Astrophysical Journal, 27, 297, 1908. 
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Union’ for the production of secondary standards of wave-length. 
The anode was below, consisting of a large bead of iron oxide sup- 
ported on the hollowed upper end of a vertical cylinder of iron or 
copper 15-20 mm in diameter. The cathode was a rod of steel 6 mm 
in diameter, fitted with a large cooling cylinder of brass just above 
its lower extremity. The cooler permitted only 2 or 3 mm of the 
cathode to project, and was always massive enough to prevent the 
formation of a pendant drop of metal or oxide on the cathode. Com- 
mercial Bessemer steel rod was generally used for the cathode, since 
it was less inclined than wrought iron or cold rolled steel to form 
molten oxide, which causes unsteadiness of the arc. The line voltage 
was 250, the current 4.5 amp, and the length of arc 12-18 mm. Light 
was taken only from a horizontal central zone perpendicular to the 
axis of the arc, not exceeding 1} mm wide. 

When this type of arc is clean and correctly adjusted, it operates, 
in a quiet atmosphere, at a length of 15-18 mm with remarkable 
steadiness and freedom from clouds of oxide. About once an hour it 
is necessary to remove the accumulated deposit of oxide from the 
cooling cylinder on the cathode and to readjust the amount of iron 
rod protruding. The results obtained in this investigation confirm 
much previous experience with this arc in showing that it is practi- 
cally free from pole effect. 

The primary standard was obtained from a fused quartz vacuum 
tube operated on a 10,000-volt transformer at about 20 milliamperes, 
except in the case of two exposures for which a vacuum arc lamp was 
substituted. As the wave-lengths showed no difference, the cadmium 
arc exposures have been included with the others. The vacuum cad- 
mium arc was operated on a 250-volt circuit at about 1 amp, and 
the pressure was kept near to 1 cm of mercury. 

The spectrum of neon was obtained from lamps supplied by 
Adam Hilger, which operate on direct current at 200-220 volts and 
at 0.010 to0.015 amp. Such lamps have been in use in our laboratory 
for several years and have proved highly satisfactory for spectro- 
scopic purposes. The light is concentrated, steady, and of high in- 
trinsic brightness, while the lines are sharp and very accurately re- 
producible in position. The strong line \ 6402 is reversed in some 


ransactions of the International Astronomical Unic ; 
1 Tra t the Int tional Astronomical Union, 1, 36, 1922 
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lamps of this type, and occasionally \ 6143 also, but the other lines 
appear unreversed under the resolving powers usually employed in 
precise measurements of wave-length, i.e., up to orders of interfer- 
ence of at least 60,000. 

Photographic emulsions of various kinds were used for different 
parts of the spectrum. As the plates had to be cut into sections, 
each 12.5 cm long, in order to approximate to the focal surface, 
whose radius is 131 cm, it was customary to choose different emul- 
sion for the various sections whenever the exposure could be short- 
ened or simplified by their use. For the red, yellow, and green regions, 
Ilford Special Rapid Panchromatic plates were most frequently used, 
while for the blue and violet, Eastman Contrast Bromide plates were 
found most satisfactory. Color screens were frequently helpful in 
making the density of the photographs more uniform throughout 
their length. 

The method of measurement and reduction of the photographs 
scarcely needs further description. Reference may be made to previ- 
ous Contributions" for the details. Most of the results were obtained 
from photographs, each « ‘ring 2000 A, which were treated like 
those described in the last of these references. 

Correction for change of phase was made by the method of two 
etalons of different thickness in which the same planes were mounted 
successively. Occasionally the two photographs obtained in this way 
were reduced by the differen-* method to a single set of wave-lengths 
without actually evaluat ifie amount of the correction. This 
method, described by Merrill!? consists in determining the two thick- 
nesses from the standard cadmium line and dividing the difference 
of the thicknesses by the differences of the orders of interference for 
the individual iron lines. Such results obviously require no correc- 
tion for change of phase. 

Corrections for dispersion of the atmosphere were nearly always 
negligible, but when required were taken from the tables published 
for the purpose by the Bureau of Standards. 

Most of the photographs were measured by one observer; a few 


* Mt. Wilson Contr., Nos. 137, 202, 328; Astrophysical Journal, 46, 138, 1917; 


53, 260, 1921; 65, 140, 1927. 
2 Scientific Papers of the Bureau of Standards, 14, 159 (No. 302), 1917. 
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of them by a second; and still others, with some duplication, by a 
third. The absence of appreciable personal equation in the results 
is shown by the accordance of the separate reductions of the same 
material. 

In such delicate observations as those required for determining 
standards of wave-length, the greatest difficulty, in my experience, 
is the fulfilment, during an exposure, of certain optical conditions in 
the apparatus. In comparison, the difficulties of measurement and 
reduction are almost negligible, provided the interference pattern is 
properly photographed on a sufficiently large scale. For an illustra- 
tion, I am indebted to my son Horace, a high-school student, who, 
during the first hour of his measurement of spectra, obtained results 
for typical iron and neon lines differing less than 0.001 A from those 
which had been obtained from the same plate by an experienced 
observer. 

Some of the optical requirements are: (1) planeness and paral- 
lelism of the etalon plates; (2) coincidence of normal at center of 
etalon with optical axes of the projection systems which precede and 
follow it and also with that of the co" .ator of the spectrograph; 
(3) correct focus for each projection system and for the spectrograph 
throughout the whole extent of spectrum covered by each photo- 
graph; (4) projection, in focus on the grating, of a real image of the 
diaphragm which limits the etalon; (5, freedom from astigmatism 
and from variation of magnification over the whole field covered 


by the camera of the spectrog’,, reduction of total radia- 
tion incident on the etalon 7 uimum by diaphragms and 
screens. 


Throughout the investigation strict attention has been given to 
such conditions, and the correct position of each part of the system 
has been repeatedly verified. As noted above, seven pairs of planes 
have been used to make the etalons. These have always been ad- 
justed to parallelism over a much larger aperture than is actually 
used for making a photograph. If left to themselves, they would 
remain in adjustment long after the completion of the photograph 
for which they were prepared. 

The third condition, when a long range of spectrum is to be ob- 
served at one time, is not so easy to meet as might appear, and de- 
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parture from it may introduce small systematic errors. If the image 
produced by the projection system is not in focus on the etalon, it 
is evident that some mixing of light from different parts of the source 
will occur, and in the case of the iron arc a departure from the 
specifications may result. In addition, the interference pattern may 
show a difference of brightness on opposite sides of the center, par- 
ticularly in the red region where the arc is far more intense near the 
cathode than anywhere else. 

Imperfect focus of the projector which puts the interference pat- 
tern on the slit may be an insidious source of small errors. For exam- 
ple, a certain spectrograph has a focal surface for dust lines which 
is closely represented by a circle of radius 131 cm. If an interference 
pattern is projected on its slit by a well-corrected triplet lens of 41- 
cm focal length adjusted for red light, the rings for \ 4000 will be in 
focus 2 mm behind the slit and the resultant focal surface for the 
rings will deviate by that amount from the true focal surface of the 
spectrograph. The use of concave mirrors throughout is a satis- 
factory solution of these difficulties. 

The fourth condition, long ago pointed out by Fabry and Buis- 
son,’ appears often to have been overlooked. Yet it is essential for 
exact equivalence of the various ring segments of a given line. In this 
investigation the image of the diaphragm has always been made 
smaller than the ruled surface of the grating and sharply focused 
thereon, so that the portion of the etalon actually used is all of that 
defined by the diaphragm in fron@f the etalon, and is the same for 
every ring segment photographed. jisregard of this condition may 
easily lead to non-uniformity of intensity in the ring segments for 
each line, as well as to small differences of fractional order for inner 
and outer rings. Without more complete data regarding the appa- 
ratus used by other observers, it is impossible to determine the effect 
on their results of ignoring this detail; but from their published de- 
scriptions it would appear to be a possible explanation of some of the 
discrepancies noted below. 

The fifth condition was examined in detail for my apparatus by 
measurements of photographs taken without the interferometer, but 
with a series of small apertures over the slit. No distortion was found 


t Journal de physique, 7, 169, 1908. 
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on any part of the plate, although the tests would easily have shown 
its presence. 

It is evidently desirable to reduce the time of exposure as much 
as possible for work of this exacting nature, in order to minimize 
the effects of earth tremors and inevitable small changes of tempera- 
ture produced by exposing the etalon to the radiation of the arc. 
With a grating having remarkably high intensity in the red end of 
one first-order spectrum, the average time elapsing during a complete 
observation in the region \ 6200 was forty minutes, and for shorter 
wave-lengths it was still less. Comparison shows that in general 
other observers have required considerably longer intervals for the 
completion of an observation. 

An important feature of the equipment used here is the concave 
mirror which projects the interference pattern on the slit. Highly 
perfect in figure, of 10-cm aperture, 63-cm focal length, and capable 
of precise adjustment, it provides accurate images of the rings for all 
wave-lengths on a large uniform scale. The aperture of the mirror 
actually used in the observations is of course determined by the size 
of the diaphragm on the etalon and the angular aperture of the 
projector which illuminates the etalon. An advantage resulting from 
the long focus of this mirror is the ease with which the maxima of 
the lines may be discerned on the photographs, with consequent 
freedom from systematic errors dependent on the width of the spec- 
tral lines. If all spectral lines were of equal width, no error would be 
introduced by measuring the geometrical centers instead of the 
maxima of the ring segments; but in the actual case appreciable 
differences may enter, which generally tend to make iron lines appear 
to have wave-lengths too long when they are compared with stand- 
ards from neon and cadmium. Settings have always been made on 
the maxima of intensity of the lines, and thorough examination has 
failed to show any effects which depend on width or intensity. 
Furthermore, the differences in fractional order found from inner 
and outer rings are quite small and purely accidental in character. 

The difficulty of maintaining high resolving power for violet light, 
without serious loss of intensity for red light, is an inherent limita- 
tion of the interferometer provided with silver films. For this reason 
not all the observed iron lines of wave-length less than \ 4271 were 
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directly compared with the neon or cadmium standards; 18 of them 
were measured in terms of nearby iron lines, while 45 others were 
compared with both iron and neon standards. The lines so dealt with 
are referred to in a following paragraph. 


3. RESULTS 


The first column of Table I gives the wave-lengths which have 
been found for 286 iron lines. The second column indicates the num- 
ber of plates on which each line was measured; the third gives the 
intensity assigned by Meggers, Kiess, and Burns‘ and also the pres- 
sure group of the Mount Wilson classification, revised in some cases 
with the aid of new data on the pressure effect. In the last column 
is found the multiplet designation, based on the papers of Walters,? 
Meggers,? and Laporte,‘ with additions from the unpublished list of 
term values prepared by Professor Russell and Miss Moore. 

Wave-lengths marked with two asterisks were derived, not from 
the standards of neon and cadmium, but, for the reason indicated 
above, by comparison with nearby iron lines. The lines marked by a 
single asterisk were measured partly in this way and partly in terms of 
neon standards. For such lines no difference appeared between the 
results of the two procedures; and since the lines marked** occurred 
on photographs thus controlled, they have been included in Table I, 
and, in fact, are as well determined as the rest of the lines in the 
table. 

The uniformity of the results from separate plates is illustrated in 
Table II, which gives for a few points in the spectrum the respective 
values for each plate measured. The corresponding average probable 
error of a mean wave-length is + 0.0002 A, and of a single determina- 
tion, +0.0008 A. The same order of accuracy is found throughout 
Table I, for lines of pressure groups ¢ and d as well as for those of 
groups a and b. The probable error of any wave-length in Table I 
may therefore be found by dividing +0.0008 A by the square root 
of the number of plates measured. For all lines except those meas- 


t Loc. cit. 

2 Journal of the Optical Society of America, 8, 245, 1924. 

3 Astrophysical Journal, 60, 60, 1924. 

4 Proceedings of the National Academy of Sciences, 12, 496, 1926. 
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ured on only one or two plates, the probable errors of the wave- 
lengths are evidently well under +0.0005 A, and the fourth decimal 
place might have been retained with some justification. But the 
actual uncertainty is always greater than the probable error, and it 
appears better to omit the fourth place because of the probability of 
undetected systematic errors affecting this figure. 

Eleven prominent neon lines between A 5852 and A 6506 were 
determined in terms of the primary standard from ten excellent 
photographs made with etalons ranging in thickness from 2.5 to 20 
mm. The photographs were reduced by the method of differences 
referred to above, so that the wave-lengths are independent of any 
other observations. Except for two lines, the results are identical 
with the adopted wave-lengths of standard neon lines. For these 
exceptions my wave-lengths are 5852.487 and 6266.494, while the 
adopted values are 5852.488 and 6266.495, respectively. For the first 
of these Monk’ found 5852.487. Since these photographs also show 
the iron-arc spectrum, exposed simultaneously with neon and re- 
ferred in the same way to the primary standard, it seems reasonable 
to believe that the wave-lengths for the red iron lines are correctly 
determined. Moreover, wave-lengths for the same red iron lines, 
derived independently from neon standards on other plates, show 
no systematic difference from the results obtained from the ten 
plates referred to here. 

4. DISCUSSION 

A comparison of the wave-lengths in Table I with the system of 
secondary standards adopted by the International Astronomical 
Union? shows that the new values are systematically smaller. If un- 
stable lines are omitted from the comparison, the differences, from 
the beginning of the table to \ 5506, are very uniform, averaging 
0.0023 A for thirty-nine standards. A similar comparison with the 
“interpolated” wave-lengths* of the secondary standards gives the 
same average difference. For seventeen unstable secondary stand- 
ards in this region of the spectrum the corresponding differences are 
0.0094 and 0.0095 A, respectively, but if the new wave-lengths for 
t Loc. cit. 

2 Transactions of the International Astronomical Union, 1, 41, 1922. 
3 Ibid. 
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these unstable lines are compared with the former Mount Wilson 
values’ alone, instead of with the interpolated results, the mean dif- 
ference becomes 0.0022 A, i.e., identical with the difference for stable 
lines. This clearly illustrates the reproducibility of the arc used at 
this Observatory, and indicates a mean pole effect of 0.007 A for 
these unstable secondary standards in the arcs which were originally 
used for producing them. 

From the ultra-violet to the yellow the results in Table I are 
uniformly less than the adopted system of standards; an adjustment 
of 0.002 A will harmonize the two systems satisfactorily, if only 
stable lines are considered. For the spectral region \ 6065-A 6750 
the new values are also systematically less than the adopted system; 
but here, instead of being uniform, the difference increases with the 
wave-length. In fact, if the individual differences are plotted as 
ordinates against wave-lengths as abscissae (Fig. 1), the points lie 
throughout on a straight line with only one deviation as great as 
o.oo1 A. The average amount of the difference is 0.0086 A. 

A comparison of my measurements with those of Meggers, Kiess, 
and Burns,’ the spectrum being divided into two parts as before, 
shows that for 80 lines, \ 3513-A 5506, my wave-lengths are system- 
atically shorter than theirs. The differences Babcock minus Meg- 
gers, Kiess, and Burns are positive for 2 lines, zero for 12, and nega- 
tive for 66, with an average of —o.0013 A. From X\ 6065 to d 6677 
there are 2 zero differences, 1 positive and 17 negative, with an 
average of —0.0022 A. Since for the red lines all the corrections usu- 
ally become negligible and since these lines show the same consisten- 
cy among individual measurements as lines of shorter wave-length, 
it is at first surprising to find a greater systematic difference in this 
part of the spectrum. Examination of the paper of Meggers, Kiess, 
and Burns shows, however, that although the title says clearly that 
their work was done with the new international arc, i.e., the arc 
specified by the International Astronomical Union in 1922, the de- 
scription of the apparatus indicates that they did not use the speci- 
fied arc. On page 264 they say: “Iron rods 7 mm in diameter were 
used as electrodes and the upper or positive pole was surrounded by 


t Loc. cit.; also Mt. Wilson Contr., No. 202; Astrophysical Journal, 53, 260, 1921 


2 Scientific Papers of the Bureau of Standards, 19, 263 (No. 478), 1924. 
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a close fitting brass cylinder perforated with holes to serve as a 
radiator.’ In the Pfund arc, however, the negative pole and the 
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attached cooling cylinder are above, while below is a massive rod of 
iron or copper, ro-15 mm thick, the actual anode being a bead of iron 
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oxide resting in the hollowed upper end. The differences indicated 
may appear slight, but they are in fact of real significance. Essential 
features of the Pfund type of arc are the polarity and the provisions 
made to prevent overheating of both terminals. 

After discovering the systematic difference in the red region re- 
ferred to above, I set up the same kind of arc as that described 
by Meggers, Kiess, and Burns and measured the red lines in exactly 
the same way as I had done previously with the specified arc. The 
results were confirmed on a second plate, and the means for 6 lines 
are on the average the same as the wave-lengths obtained by them. 

Although it is not insisted that the entire systematic difference 
between my results and those of Meggers, Kiess, and Burns is caused 
by real differences in wave-length in the sources used, it would seem 
possible that such an explanation may account for part of the differ- 
ence. This is confirmed by a comparison of our wave-lengths for 26 
sensitive lines of groups c and d, which give a mean difference, 
Babcock minus Meggers, Kiess, and Burns, of —0.0023 A, instead of 
—o.oo1r A, as for the stable lines. Here is found evidence that the 
arc used by them exhibits pole effect to the extent of about 0.001 A, 
and it might therefore be expected that the red 0 lines would show 
wave-lengths slightly too great when observed in their arc. 

It may be remarked here that the observations of St. John and 
Babcock’ on pole effect in the iron arc were made with arcs about 
6 mm long. The measurements were differential, i.e., they showed 
the change in wave-length for each line when observed at the pole 
and at the center; but they failed to show the amount of pole effect 
still existing at the center of the arc. For the red 6 lines the measure- 
ments did indeed show slight apparent displacements toward the 
red at the negative pole, but of a magnitude too small to be dis- 
tinguished from errors of observation. On this basis the lines were 
classed as stable, but later experience has shown them to be some- 
what unstable, though far less so than nearby lines of group d. If in 
our early observations of pole effect we had compared negative pole 
and center of such an arc as the one now used for producing second- 
ary standards, we probably would have found definite displace- 
ments of a few thousandths of an angstrom for the red 6 lines. 


* Mt. Wilson Contr., No. 106; Astrophysical Journal, 42, 1, 1915. 
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Comparison of my wave-lengths with those of Monk" shows that 
the difference Babcock minus Monk is systematically negative. For 
85 lines of all groups there are 7 positive, 18 zero, and 60 negative 
differences, the average being —o.oo10 A. Practically no distinction 
appears between stable and unstable lines, nor between various spec- 
tral regions. Since the arc used by Monk was the same as mine, the 
slight systematic difference in our results is probably caused by some 
small difference in technique at present unrecognized. It appears un- 
likely that this should be connected with the correction for change 
of phase, for the difference is nearly uniform throughout a long range 
of spectrum, including that part where all corrections become zero. 

The work of Wallerath? contains only 9 lines in common with 
Table I of this paper. For these the difference Babcock minus Walle- 
rath is negative in every case, and the average is —0.0024 A. The 
lines compared are scattered over the region \ 3513-A 5341 and are 
all stable. Kleinewefers, working with practically the same appa- 
ratus as Wallerath, obtained wave-lengths for iron lines from \ 5167 
to \ 6677, including 40 which are found in Table I. For an examina- 
tion of the differences between his results and mine, the spectrum 
may be divided into two parts, \ 5167—A 5658 and A 6065-\ 6677. In 
the first part the differences Babcock minus Kleinewefers for 16 
stable lines are all negative except two, one of which is zero, the 
other positive. The mean of these is —o.0021 A. Eleven lines of 
group d, however, all show negative differences averaging — 0.0049 A, 
a definite indication of pole effect in the arc used by Kleinewefers. 
For 13 red 0 lines the differences, all negative, average —0.0057 A, 
but they range from —o.oo1 to —o.oro A in an irregular manner. 
In Figure 1, to which reference has already been made, the results, 
for the red 6 lines, of Meggers, Kiess, and Burns, Monk, Kleine- 
wefers, and Babcock, are graphically compared with the adopted 
system of secondary standards. 

The preceding paragraphs give comparisons of my results with 
those of other observers. It will be instructive to summarize for 
these observers the deviation of their wave-lengths from the inter- 
t Astrophysical Journal, 62, 375, 1925. 

2 Annalen der Physik, 75, 37, 1924. 
3 Zeitschrift fiir Physik, 42, 211, 1927. 
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r No. Plates Intensity Group Multiplet 
ee 26 4 b v-M 
6237.606....... 20 4 b c-N 
Gt9t.508. 5.2... 26 5 b v-M 
ot 23 5 b c-N 
Sees. She.....-.. 16 4 b v-M 
6278 .022........ 6 4 b v-L 
Gtps G03... .5...- 19 5 b v-L 
6400.010........ 7 5 d H-T 
Se fe) 4 b D’-K’ 
6490.550....... 14 5 b D-J 
a 20 5 b v-L 
6546.249....... 9 3 b V’-N 
6592.9018....... 9 5 b V’-N 
6677.003....... 2 5 b V’-N 





polated' wave-lengths for stable lines in the range \ 3370-\ 5506, 
since a greater amount of material is thus available for com- 
parison, and since the interpolated system is on the average identical 
with the adopted system of secondary standards. This is done in 
Table III. 

The agreement of the last three means is probably as close as can 
be expected. They show systematic differences of only 1 part in 
10,000,000, but little more than the probable errors of the observa- 
tions. Taken together they seem to outweigh the first two for several 
reasons: (1) number of lines observed; (2) the last three are entirely 
independent results, while the first two depend on work done in the 
same laboratory with practically identical apparatus and technique; 
(3) results obtained with the same apparatus by Eversheim differ 
systematically from those of other observers, in the same direction? 
that those of Wallerath and Kleinewefers differ from the others in 
Table II. 

The arithmetical mean of the five average differences is +0.0010A; 
if the first two are combined and weights proportional to number 
of lines involved are assigned, the weighted mean is +-0.0015 A; if the 
first two are omitted, the weighted mean is +0.0017 A. It appears 


t Loc. cit. 


2 Priest, Physical Review, Ser. 1, 31, 602, 1910. 
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safe to conclude that the adopted system of standards would be im- 
proved by a reduction of about 2 parts in 5,000,000 for wave-lengths 
































TABLE II 
AGREEMENT OF SEPARATE DETERMINATIONS 
d 3585 dA 4466 X 5012 A 5506 dX 6230 \ 6404 
gt -553 .070 . 780 .727 .982 
922 553 .070 . 782 .726 .982 
~3on -555 .O71 . 783 .726 .982 
. 320 -554 .070 . 780 .726 .983 
~3a8 -554 .070 . 780 yar .983 
- $22 -555 .072 . 781 .724 .985 
.321 -556 .072 . 780 .725 .982 
. 320 -554 .072 . 782 .725 .983 
-555 .O7I . 781 .729 .982 
.070 . 782 727 .982 
.070 .782 729 .984 
. 781 .728 .984 
.781 728 .984 
. 781 .728 .984 
.782 .728 .985 
. 782 728 .984 
. 781 .728 
.782 .726 
. 784 -729 
. 784 
. 782 
. 782 
. 782 
Means...... «32k 554 .O71 . 782 .727 .983 





6,000 








AVERAGE DIFFERENCES FOR STABLE LINES BETWEEN A 3370-A 5500 


TABLE III 











Comparison Difference No. Lines 
Interpolated—Wallerath................. +0.0000 A 30 
Interpolated—Kleinewefers.............. . 0002 17 
Interpolated— Meggers, Kiess, Burns...... .OO14 95 
Interpolated—Monk.................... .OOI5 73 
Interpolated—Babcock.................. +0.0019 187 











less than \ 5506, and by a linear reduction in the red region amount- 
ing to about 5 parts in 6,000,000 at \ 6200 and about 8 parts in 
000 at d 6600. 
It may be pointed out that Table I closely confirms the prelimi- 


nary results' obtained with the same apparatus, and that the final 
t Ibid., Ser. 2, 25, 716, 1925. 
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wave-lengths given here for the red iron lines have been tested in 
actual use. Precise wave-lengths of oxygen absorption lines' have 
been derived in terms of these iron wave-lengths and independently 
from the neon standards. Both reference systems gave the same re- 
sults for oxygen. 

A summary of the features of this investigation which tend to 
reduce the number and magnitude of systematic errors would in- 
clude: (1) reduced time of exposure; (2) photographs of large scale, 
both in the interference pattern and in the auxiliary dispersion; (3) 
reduced number of optical parts in the system; (4) large number of 
etalon plates successively employed; (5) variety of methods of ex- 
posing to the different sources; (6) achromatic projection through- 
out; (7) rigorous tests for correct adjustment of the entire optical 
system; (8) absence of systematic difference in fractional orders from 
inner and outer rings; (9) freedom from effects depending on width 
and intensity of the lines and on personal equation in the measure- 
ments} (10) freedom from pole effect in the iron arc. 

During the progress of the work described here the same appa- 
ratus has been used for observations of wave-lengths from the 
vacuum iron arc, which will be discussed in a forthcoming paper. 
It is interesting to note that the dispersion among the results for 
the same line from individual plates is practically the same for the 
vacuum arc as for the open arc specified for producing secondary 
standards. There is no evidence of greater reproducibility or of high- 
er attainable accuracy in the spectrum from the vacuum arc—a con- 
clusion in agreement with that of Monk.’ 

For wave-lengths shorter than \ 5506, the work of St. John and 
Babcock’ was done with the long Pfund arc under the same condi- 
tions as have been observed in obtaining the data of Table I. Lines 
measured by them but not included in Table I may readily be re- 
vised to the present scale by applying small corrections derived by 
comparing material common to the two lists. These corrections are 
summarized in Table IV. Since the corrections cover a range of only 

tDieke and Babcock, Mt. Wilson Communications, No. 102; Proceedings of the 
National Academy of Sciences, 13, 670, 1927. 


2 Loc. cit. 


3 Mt. Wilson Contr., No. 202; Astrophysical Journal, 53, 260, 1921. 
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0.002 A throughout the region discussed, it appears that the wave- 
lengths relative to each other were determined almost as accurately 
TABLE IV 


CORRECTIONS TO BE APPLIED TO EARLIER Mount WILSON 
Wave-LENGTHS OF IRON LINES 











Region No. Lines Mean Correction 
3407-3589....... 20 —o.0009 A 
3003-30905..... ; 23 .OOI1O 
$90E8—2900....« <5. 28 .OO17 
3805-3899. . 35 .OO17 
39002-3007. ++... 22 .OO2I 
4005-4209..... ciate oa 26 .0020 
4305-4447... ...:. ey teil 18 .002I 
4464-4001... ‘ | 21 -0032 
4707-4094.... spa ican 19 .0029 
5001-5283..... 21 0023 
5302-5500.... 23 —0.0025 





in 1921 as they have been in the recent measurements. A few lines, 
chiefly secondary standards not included in Table I, have been re- 


TABLE V 


CORRECTED WAVE-LENGTHS OF CERTAIN IRON LINES 
MEASURED IN 1921 











nN | No. Plates | Intensity Group | Multiplet 
Cy Ae TS 13 6 | ‘<a weaws aba Serie 
ce) 20 6 d D-x 
ee eee | 25 4 d D-x 
eS 14 6 d D-a 
oe 2 ae 26 6 ; . 3 Sakae aaa 
ee ee 39 OR | b B-M 
LO) ) ee | 29 6 Tee Ter Te eee 
oe | ere 26 6 Hera ee saris he gee 
BBOS OF 8.-.6 cc ccs ss | 17 3 b | ee rere 
Pe ee 25 5 aR, ZOOS Pe 
BECB SMBS 6s sss 37 6 b eae igahincre gts 
4134.682......... 37 5 b eae 
OB69 DIE occ eck 40 4 b C-M 
i re | 56 4 | OO Ske vase 
BERGE BOS 5 osccc sox 52 4 De, eee 
ee) ee 36 3 a ere 





duced to the new scale by means of these average corrections and 
are listed in Table V. 
In addition to the new measurements and the revision of certain 








280 


HAROLD D. BABCOCK 


TABLE VI 





SUPPLEMENTARY MEASUREMENTS; PROBABLY MODERATE POLE EFFECT 








No. Plates 


Intensity 


Group 


Multiplet 


Meggers and 








ess 
Ere 3 3 b D-J -435 
SO ee 3 3 b D-J . 286 
eS ee I 2 b a en eee 
ere 2 3 b D-K’ 262 
0 rr rere re 2 3 b v-M . 366 
ON foe cag siean ies 3 - b D-J 140 
ee eee rere 2 2 a B-V 621 
rn re I 3 e? ne 4 Pee 
ee ere 2 3 b D-J . 800 
I sp ise cers kanes oars 3 3 b c-N .693 
On Eee 2 4 b D-J . 338 
BUR s ois oiscn ans s 2 4 d H-T .841 
MING evn oho aise nels 2 3 b v-M -155 
MODs itciniipie ies es o8 2 3 b c-P .037 
Os ei crits 55:0 wis 2 3 a i ee 
A ie 2 3 aa er eee .748 
eS EE Eee 3 4 d H-T .034 
OM icp shies occas 3 4 d H-T .666 
IN TE goa xg coorpcve vices 3 4 a B-V 732 
eins a sets externas I 4 b Wee | Bensiccuwees 
ee errr 2 3 b c-M .632 
eee 3 3 b D’-J .878 
IO sc. pe cieeas oe 2 3 b c-P -375 
Eee I 5 SG Misietavscweenxesees 
Serer ere 2 3 b c-M 024 
errs 2 3 b v-L .876 
NE BRO 6 tis se dnaes 2 4 b c-M .117 
See ore ere e 2 4 ee: ee ee -447 
NE ON die 05 ois eave nis I a Ree Sere enor eee 
I rites rely ous secaiiaeigiers 2 4 Dies onsen 7 
2 EE ere eee I ed “ee eee O-T’ .612 
0 ee I Te ae O-T’ 355 
OS ee rere I Sy: ee ee N-T’ .676 
Ms cece xs kas tw re I oe Eee O-T’ .179 
ea eee ee I 3 d jJ- . 70G 
ES Ee eee eae 2 Cee Spero 211 
| ence 2 a Snr ee rere ire 271 
eda c ke parewas 3 ee ff ae See c: Seeeremree ce .857 
I eke oe por acelerains I 2 Seer: Sor eee 531 
a Peer reer 2 3 d J-U .QI2 
MOR cc aioe Si 2 6.605 ¥% I 3 d J-U 255 
eer 2 Se Saas eee Sees ee 418 
MISS og feiss ctvrere soto ts 2 3 d J-U 410 
MN os ctoiec a ve natie a I 2 d A RS Sa ea sce 
SE Creed oereasas ss I i iisinke acereeeteete 4s Sarsie pies -464 
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TABLE VI—Continued 

















No. Plates Intensity Group Multiplet oe ant 
WEDD: o:aes'a5 4 a ecewae I Swi ceaea vetted wetwane's .178 
| ee re 4 4 d jJ-U .946 
oo ne oe I See Cera -996 
ee 3 4 d J-U -472 
ere I 5 d J-U 341 
rrr I S46 Ciicecraaen care tata ik .690 
NOS 55.5 on 3.0 asa qed I ‘Se eee ee .670 
MII a o.c-s 3.0.06. 950-0 2 2 d K’-U .896 
SN OD soe sibisye's cane sae I 3 d K-U 764 
WE NE hee nxwr ew eicnn I 3 d K+U .073 
EERE os nna eain.oih I 2 d K-U . 103 
PME ies con Gade wees 4 4 d K-U .423 
eer ee 4 3 d K-U .184 
ee” See ee 3 3 d K-U -778 
ere re 4 3 d K-U .092 
ENED hog fash Soon oo 4 4 d K-U .047 
SN skys kad aeons I 2 d L-f .178 
WAI 6c 5 6c seauy amis I 3 d L-f .050 














earlier ones, some supplementary results for the deep red are given 
in Table VI. These wave-lengths were obtained in terms of the neon 
standards, but from a Pfund arc shorter than the new international 
arc, and therefore presumably exhibit pole effect in some degree. 
They are given here because low intensity makes the measurement 
of such lines in the specified arc very difficult, and because the results 
are of some value for comparison with those of other observers. 
The last column of the table contains the wave-length found by 
Meggers and Kiess' in a 6-mm, 6-amp arc; the intensities are from 
their paper. The group designation for some of the lines has been 
deduced from unpublished observations which permit a reliable cal- 
culation of the pressure effect for many multiplets of iron. 

For the lines marked a or b in Table VI there is no systematic 
difference between the wave-lengths in the first and last columns. 
For the d lines my results are systematically less than those of 
Meggers and Kiess, the mean difference being 0.007 A. For unclassi- 
fied lines, some of which are known from other observations to be- 
long to the stable groups, the difference is intermediate. Such a com- 


* Scientific Papers of the Bureau of Standards, 19, 273 (No. 479), 1924. 
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parison illustrates the difference in the arcs from which the two lists 
of wave-lengths were obtained. If the arc which I used had con- 
formed to the specifications adopted for producing secondary stand- 
ards, the differences noted above would have been greater. This 
table emphasizes the unfortunate fact that most of the stronger 
infra-red iron lines are unsuitable for use as standards of wave-length. 

To Mrs. Thome, neé Keener, who measured a few of the photo- 
graphs discussed in this paper, and to Mr. W. P. Hoge, who carried 
out nearly all the reductions as well as a large part of the measure- 
ment, my hearty thanks are extended. I am also indebted to Pro- 
fessor Russell and Miss Moore for access to unpublished data on the 
classification of iron lines. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
August 1927 

















THE ARC AND SPARK SPECTRA OF 
TITANIUM" 


PART I. THE SPARK SPECTRUM, Jiu 
By HENRY NORRIS RUSSELL? 


ABSTRACT FOR PART I 


A detailed analysis of the titanium’spectrum aided by much unpublished material 
generously supplied by colleagues has led to the classification of practically all the lines 
except the weakest. 

The spark spectrum includes doublet and quartet terms; 33 doublet and 17 quartet 
terms have been identified. Their combinations give 164 multiplets, including 529 ob- 
served lines. The lowest energy-level belongs toa4F’ term. A second 4F’ term is 0.1 volt 
higher and a ?F’ term o.5 volt above this. 

Tables of the terms are given and also of the classified lines, including the few lines 
of any strength which remain unclassified. 

The temperature classification of the lines shows the usual close relation to their 
levels of origin. 

The Zeeman effect is in good agreement with Landé’s theory. Tables of the ob- 
served and computed patterns are given. 

The electronic configurations in the atom which give rise to the various terms have 
been identified with the aid of Hund’s theory. The agreement of theory and observa- 
tion is complete. The complexity of the spectrum is explained by the numerous possible 
spatial orientations of the orbits of the three spectroscopically active electrons. 

Three series of two members each have been identified. They indicate an ionization 
potential of 13.6 volts. 

Comparison of the spectra of Ti 11 and Sc 1 shows that Moseley’s law is closely satis- 
fied and confirms the theoretical interpretation of both. 


I. INTRODUCTION 

The spectrum of titanium is typical of those of the heavier ele- 
ments as regards its apparent complexity—the lines are very numer- 
ous in both the arc and spark spectra, and no conspicuous series 
exist. 

The first analysis of the arc spectrum was published by Dr. and 
Mrs. Kiess,? who classified about four hundred lines in multiplets 
belonging to triplet and quintet systems and indicated the probable 
existence of a singlet system. Shortly afterward Frl. Gieseler and 

t Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 
ington, No. 344. 

2 Research associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 


3C. C. and H. H. Kiess, Proceedings of the Washington Academy of Sciences, 13, 
270, 1923; Journal of the Optical Society of America, 8, 607, 1924. 
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Dr. Grotrian™ published an account of independent investigations, 
which in general confirmed the results of the authors first named, 
and showed by absorption observations that the normal state of the 
atom corresponds to a 3F term. 

The work of the present writer was begun at about the same time 
as that of the other investigators, without knowledge of the work of 
either. When it was learned later that Dr. and Mrs. Kiess were also 
in the field, publication was deliberately delayed until after their re- 
sults were presented and attention was given to making the present 
analysis as complete as possible. 

A similar analysis of the spark spectrum, begun a little later, has 
likewise been carried approximately to completion. The only previ- 
ous investigation known to the writer is a brief note by N. K. Sur.? 
Still later the analysis has been extended to higher degrees of ioniza- 
tion, 7i m1 and 77 1v. This has been a long task—particularly since 
experience has shown that the best road to success in the analysis 
of a complicated spectrum is to drop the work when no further im- 
mediate results are forthcoming and to take it up again after a 
month or two, when new terms have almost always been found. It 
is probable that, even now, more remains that could be unraveled, 
but since all the lines of any strength have been classified (except a 
few in the extreme ultra-violet), the two main purposes of the in- 
vestigation have been met. These were to provide the data neces- 
sary for the astrophysical interpretation of the behavior of titanium 
lines in the spectra of the sun and stars and to determine how com- 
pletely the methods of multiplet analysis on the principles intro- 
duced by Sommerfeld and Landé are able to account for these rich 
and complex spectra. During the progress of the work, the theory of 
spectral structure has been developed by Heisenberg, Pauli, and 
Hund, and may be applied to the results of the term analysis. 

It may be said at once that the confirmation of theory by ob- 
servation is extremely satisfactory. Practically all the titanium lines 
of any importance have been referred to transitions between definite 
energy-levels in the atom in one or the other of its states of ioniza- 
tion; these levels may be grouped into multiple terms satisfying the 


t Zeitschrift fiir Physik, 25, 342, 1924. 


2 Nature, 114, 611, 1924. 
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well-known rules; and Hund’s theory gives a satisfactory account 
of the origin of these terms in electron configurations within the 
atom. 

A few of the multiplets found in the writer’s work upon 77 1 
have been published in detail,’ and a summary account of the classi- 
fication of 317 lines of 77 1 and 121 of Ti m (including all the stronger 
ones with wave-lengths exceeding 3000 A) is found in his “List of 
Ultimate and Penultimate Lines.’” 

The analysis of 77 mm and 77 Iv has recently been published by 
the writer and Professor R. J. Lang.3 The present communication, 
which gives full details for 7i 1 and 77 11, completes the presentation. 


2. THE OBSERVATIONS 


The observations of the arc and spark spectra upon which the 
present work is based have been derived from many sources. The 
main reliance for the wave-lengths was originally upon Kilby’s* 
measures, extended toward the red by those of Kiess and Meggers® 
and supplemented as regards the fainter lines by the invaluable 
tables of Exner and Haschek.® The later precise measures of Crew’ 
have also been utilized, and additional lines have been taken from 
observations of R. J. Lang* and other observers. The intensities and 
temperature classes determined by King? have been of fundamental 
importance in the analysis, as has also the observed behavior of 
the lines in the sun-spot spectrum. King’s observations of the 
Zeeman effect’? have also been freely employed. 

In addition to these published data, much valuable material 


* Meggers, Kiess, and Walters, Journal of the Optical Society of America, 9, 363-364, 
1924. 

2 Mt. Wilson Contr., No. 286; Astrophysical Journal, 61, 247-257, 1925. 

3 Mt. Wilson Contr., No. 337; Astrophysical Journal, 66, 13, 1927. 

4 Astrophysical Journal, 30, 243, 1909. 

5 Scientific Papers of the Bureau of Standards, 16, 54 (No. 372), 1920. 

6 Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 

7 Astrophysical Journal, 60, 108, 1924. 

8 Private communication. 


9 Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914; Mt. Wilson 
Contr., No. 274; Astrophysical Journal, 59, 155, 1924. 
1° Publications of the Carnegie Institution of Washington, No. 153, 35, 1912. 
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has been derived from unpublished sources. Measures of additional 
lines in the infra-red and ultra-violet made at the Bureau of Stand- 
ards have been generously communicated by Dr. Kiess; and a plate 
of the spark spectrum in the extreme ultra-violet was taken for the 
writer by Professor Shenstone at Princeton with a large quartz 
spectrograph. The most valuable aid of all came from the writer’s 
colleagues at this observatory. 

A series of contact prints and enlargements of the furnace, arc, 
and spark spectra of the metal, prepared for the writer by Mr. A. S. 
King, and covering the whole range from \ 8800 to \ 2150, have 
proved of very great aid throughout the work; and many new lines 
have been measured upon these, or upon King’s original negatives. 
Unpublished measures of the Zeeman effect made by Mr. Babcock 
for the purpose have also been of much service. 

Hearty acknowledgments are made to all those mentioned above 
for their generous aid; and likewise to Miss Charlotte E. Moore for 
very valuable help in preparing the material for publication. 


3. STRUCTURE OF THE SPARK SPECTRUM, 7i II-—LIST OF TERMS 


It is of advantage to discuss the spark spectrum first, both be- 
cause it is simpler, and because a knowledge of it is necessary in 
interpreting certain features of the arc spectrum. 

The most conspicuous spectral feature of the titanium spark is a 
great mass of strong lines in the near ultra-violet. Enhanced lines 
appear also in the visible region, though there are very few in the 
yellow and red. These are but faintly present in the arc, but many 
of the ultra-violet lines are strong lines there, and some appear in 
the furnace, even at moderate temperatures, and so fall into King’s 
class III. These lines are numerous between \ 3000 and A 3400. A 
pair at AX 3759, 3761 and an isolated line at \ 3685 are also note- 
worthy. One line at \ 3349.41 is placed in class II and is the strong- 
est raie ullime of the ionized atom. These persistent lines are heavily 
reversed in the spark, some symmetrically, while others are widened 
toward the red. The strongest of these are very conspicuous in the 
flash spectrum and rise to great heights in the chromosphere and 
even in the prominences. 

On beginning the analysis it was found that the strongest sym- 
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metrically reversed lines, including the raies ultimes, belong to 
multiplets arising from transitions from a ‘F’ term to a triad of D’, 
F, and G’ terms of the quartet system. A second ‘F’ term, less than 
1000 units higher, combines with the same triad, giving those lines 
which are unsymmetrically reversed in the spark. Two 4P’ terms 
close together were found later, which combine with the ¢D’ term 
already mentioned to give multiplets in the violet, and with a new 
triad 4S’ 4P 4D’, giving strong groups in the region \ 3100-A 3300. 

Numerous doublet terms are also present. A start in analyzing 
these was obtained by the Zeeman effect, which led to the identifica- 
tion of skew-symmetrical groups of types DD’, etc. It soon appeared 
that there is an important term with frequency separation 269.0, 
but the various combinations appeared to be inconsistent, some indi- 
cating that this was an F and others that it was a D term. The 
puzzle was solved by the recognition that there are two doublet 
terms with just this separation. The ?F’ term is the lowest in the 
doublet system and combines with a higher 7F term to give the 
strong lines at AX 3759, 3761. Its combination with the 7D’ term of 
identical separation (whose relative value was fixed by other com- 
binations) led exactly to the very strong isolated line at \ 3685, 
which was thus found not to be a singlet, which would have no 
excuse for existence in a spectrum of even multiplicity, but an unre- 
solvably close pair. The separation of this pair as calculated from 
the known separations of the terms involved can hardly exceed 
0.002 A, and may be much less. 

Many other doublet terms of all types from ’S to 7H were found, 
the combinations between these accounting for most of the out- 
standing strong lines. Numerous intercombinations between the 
doublet and quartet systems were also detected, and served to prove 
that the two 4F’ terms are the lowest in the whole scheme, and the 
*F’ term the next. 

A great many strong lines remaining in the region \ 3000-A 2600 
are hazy, but not reversed, in the spark, and appear faintly, if at 
all, in the arc. The most conspicuous of these were identified as 
combinations between the terms of the triad 4D’, 4F, 4G’ and still 
higher terms of types 4D, ‘F’, 4G, 4H’; and most of the rest, as similar 
combinations in the doublet system. Finally, several very high- 
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TABLE I 
Ti u, TERMS AND COMBINATIONS 
Type Term Combinations Type | Term Combinations 
a?S;...| 21338.00 | aS’ a?P c?P atP a?Gs...| 9118.15 | a27D’ b?D’ aF b*F a2G’ 
| 3 4 98 13 | 120.46|35 8x 24 88 42 
a?G,...| 8997.69 | b?G’ aH atF aisG’ 
a?P;...| 9975.92 | aS’ a?P bP a?D’ b?D’ | 12I 137 23 12 
ra5.03 | 52 70 1299 16 66 
a*P;...| 9850.90 cD’ aF bF CF atP | bG....) 15257.53 | b&F cF dF atG’ bG’ 
—~ Fs 3s / —8.07| 41 104 155 8 61 
a‘D" b‘D b’G,...| 15265.60 a*H 
29 «(84 80 
b?P... 16625.25 | aS’ a?P b*P c?P a?D’ ©G;...| 67820.87 | aF a°G’ 
ie lt | ty ey Sy * * 216.67 | 132 110 
2Pi...| 10515.79 Cc? ~ aly 
I <_< = i c?G,.. .| 67604. 20 
aD,...| 8744.27 | aS’ a?P bP a*D’ b'D’ a?Hé...| 12774.81 | b*?F a?G’ b?G’ a?H 
| 33.80|63 87 138 34 82 la 97.82 51 22 go 109 
a2D,...| 8710.47 | 2D’ dD’ aF bF cF a?H{.../ 12676.99 
135 157 28 92 143 
| aiS’ at‘P biP atD’ bitD’ || b?Hé. .| 68582.34 | a?G’ 
04 112 16% 37 99 | 253-39 | 113 
| cD’ atF asG’ b?H. .| 68328.95 
| 154 25 15 
. , , || Py...) 9518.05 | atS’ asP bAP asD’ DAD’ 
bD,. .| 12758.15 | a?P bP a?D’ b’D’ cD : 122.29 83 107 160 36 93 
| 129.38) 47 108 7 45 103 | atP;...) 9395.76 | a‘F a’S’ aP bP a*D’ 
b*D,. .| 12628.77 d¢D a’F b’F cF aD 32.05 18 57 78 134 27 
| BD! 5 59 122 10 a‘P{...| 9363.71 | b?D’ c?D’ a?F 
D 73 +4128 20 
54 
@D;...| 25193.04 | bkP cP cD’ dD’ eD’ b4Pj...; 10024. 74 - asP biP aD’ bAD’ 
| @er.7o;ts 56 9 59 ~=—«56 : 94.00) 79 102 159 3° 79 | 
@D,...| 24901.34 | bF CF @F e@F ciD’ || b*P2..., 9930.74 cD’ aS’ a?P a*D’ b*D 
r 26 118 158 49 57-87 153 53 69 21 65 
b‘P!...| 9872.87 | a?F 
a?Fi.... 4897.60 | aP a?D’ b*D’ c*D’ dD’ 16 
| 208.99| 125 48 120 150 163 
aFi...| 4628.61 | a’F b*F a’G’ b*G’ atD’ | asD,.. | 66906.67 | atF 
44 126 71 146 55 58.97 | 130 
b4D’ c4{D’ asF aiG’ a‘D3.. : 66937 : 70 
131 162 43 40 121.21 
bF)...| 20891.88 | bkP cD’! bF cF bG’ |] *D2-- sr 
—59.8 8 6 6 wi el 
b*F... anne 9 ible atDy...| 66767. 43? 
CF...) 63444.76 | aD’ aF a2G’ a‘F{...| 363.22 | aD’ bsD’ c{D’ afF asG’ 
"276.53 95 100 62 . 167.75 106 I5t 164 85 68 
CF...) 63168. 23 a‘F 4... 225.47 | aD’ b?D’ aF b*F a?G 
' ; ‘ 131.53 97 147 89 149 119 
d?Fj... 65458.65 aD’ a?F atk aiFi... 93-04 
145.94 IIl 115 117 93-94 
a?F3..., 65312.71 asFy... ©.00 

















DFE. 
bFY. 


biFS. 
biF;. 
CFE. 
c4F4. 
CFS. 
c4F3. 
asF 4, 
dF %. 
dsF 5. 
d‘F%. 
atGe. 
atGs.. 
atG,. 
aG3.. 
atH}. 
atHyé.. 
atHi.. 
atH}.. 


a*Si.. 


a‘P,.. 


a’P,.. 


bP... 


b?P,.. 
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TABLE I—Continued 











Type Term Combinations Type Term Combinations 
b‘Fi...) 1215.58 | a4D’ biD’ asF atG’ a?D’ || c*P....) 53128.17 | aS bP’ c*D 
128.37 | 96 148 74 60 86 6.69 98 136 56 
b‘Fi...| 1087.21 | b*D’ a?F b’F c?P,...) §3121.48 
103.41 | 142 77 144 
bIF{...| 983.80 | a?Dj...; 32025.50 | a?P’ b?P’ a?D b*D a?F’ 
75.84 | | 269.00|19 2 4 67 48 
bAF}...; 907.96 a?D}...| 31756.50 | c?F’ d?F’ aG a‘P’ bAP’ 
95 . saz 35 27 21 
ciFi...| 62594.27 | a4D’ afF asG’ ask’ biF 
| 184.69|72 QI 105 (97 86 
4s | 
oy .- wer b'D)...| 39476.87 | a@P’ bP’ aD beD aF’ 
cFi...| 62271. 25 : 243.43 | 06 31 : 82 , 45, 120 
91.23 b?D3}...| 39233.44 | a@G atP’ biP’ atk’ DIF 
cF4...| 62180.02 | 81 73 65 147 142 


c?D§...| 44902.42 | a@P’ b?P’ aD b*D cD 


, c 4T)’ 41)’ 4 4G’ 
dsF{.../ 69081.35 | aD’ b#D’ atF atG | —12.38| 124 58 135 103 9 


| 130.96 133 67 141 145 + tome 
Fi...) 68950. 39 c*Di...| 44914.80 | = AY — 
105.25 53° 3 I 
ot}... ao d?Di...| 53554.90 | b?P’ aD b*D cD a?F’ 
d4Fy...| 68767.66 any | aoe 139 157 152 59 163 
atGs...| 65241.60 | a4F asG’ anes ; 
147.31 | 114 123 e*Dy.. er ne 
a4Gs...| 65094. 29 oe. | Genet os 
116.72 a-. -| 09327.3 
MG... ~— a*F,...| 31490.82 | a?P’ a?D b*D a?F’ cF’ 
aiG,...| 64884. 65 283.38 | 17 28 § 44 100 
aides i a?F;...| 31207.44 | d?F’ a7G cG a‘P’ béP’ 
aH}. ... 65589.10 | a‘F asG’ —_—- = 
143.25 | 116 127 | 3 
atHé...| 65445.85 WF 
aH! enue oe b?F,...| 40074.71 | a?P’ aD b*D cD a?F’ 
_— "122.73 147.88 | 75 92 50 1 126 
au. | GerBe b?F;...| 39926.83  b?F’ a?G b’G a?H’ asF’ 
a*tiy...| O5154.72 6 88 41 51 #149 
a’S!...| 37430.55 | aS a?P’ b*P’ aD a‘P’ béF” 
| Bp 52 14 «(9357 — 
4 
P CF,...| 47466.80 aP’ aD bD cD bF’ 
53 —158.37 | 140 143 122 26 46 


aP,...| 39602.90 | aS = a?P’ b?P’ aD b?D CF;...| 47625.17 | bG 


—71.74|4 70 33 87 47 — 
wP,...| 39674.64 | a?F’ asP’ bP’ @F,... 59467.81 cD bG 
125 78 69 146.02 | 118 155 
b*P,...| 45548.90 | a?P’ b*P’ aD bD cD G°F;...| $9321.79 
76.01 | 129 64 138 108 11 e?F,...| 70893.00 | c?D 
b’P,...| 45472.89 | b?F’ a‘P’ 286.65 | 158 








39 ©6134 e’F;.... 70606.35 
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TABLE I—Continued 











Type 
aGi. vie 


a?Gj... 


b’Gé... 
b’Gj... 
a?He... 
afl... . 


asS3... 


a‘P;... 
a‘P,.. 
a‘P,... 
béP3... 
b‘P,.. .| 
b‘P,... 
a‘Dj.. .| 
a‘D}... 
a‘D3... 
a‘Dj... 





Term Combinations Type Term Combinations 
34748.50  @F’ EF’ vG bG @G b*Dj.... 40798.37 | atP’ biP’ atF’ biF’ 
205.14 | 7% 62 42 8 110 216.57 |93 79 «151 148 
34543.36 | a?H’ b?H’ atF’ b#D}...| 40581.80 | a?P’ a?7D b?D a?F’ 
22 113 119 156.00 | 84 99 54 131 

“ ie ; e , || bID:...| 40425.80 

43780.99 | @F’ b?F’ 2G b’G a?H 05.55 

40.22 146 32 121 61 go b'Dj.... 40330. 25 

4374°.77 
= c ie at * q2}y’ 

45908. 56 vG bG a’H c4{Dj...| 52631.07 | bP’ atF’ aD cD 
234.81 | 137 80 109 ay re p % 
5673.75 159.59 153 104 154 49 

4573-75 c4{D}...| 52471.48 

40027.28 | a4P’ biP’ a?D T2.50 

83 76 94 c{D3...| 52458.98 
129.20 


42208.84 | a4P’ bP’ a?S a?P’ a2D c{D}.. .| 52329.7 
139.99 | 107 102 13 101 112 
.| 42068. 85 


72.11 a‘F;...| 31300.92 | atP’ atD asF’ DAF’ 
187.31 | 18 130 85 74 
saath asF,...| 31113.61 | d4F’ atG asH’ a?D 
56325.94 | a‘P’ biP’ a?D 154.91 | 141 114 116 25 
76.83 | 160 159 161 a4F;...| 30958.70 | d?F’ a?G 
56249.11 122.18 | 117 23 
25.98 a‘F,...| 30836.52 
56223.13 
32767.02 | a4P’ biP’ asF’ biF’ ciF’ || atGé.... 30240.68 | atF’ bIF’ cAF’ dsF’ 
| 69.08 | 36 30 106 96 72 272.00 | 68 60 105 145 
32697.94 | d4F’ a?P’ a?D b?D a?F’ || atGZ...| 29968.08 atH’ a?D a?F’ a?G 
95-43 133 20 37 10 55 233.63 | 127 15 40 12 
32602. 51 aiG}j...| 20734.45 
70.13 190.08 
32532.38 atG}... 20544.37 








dsF’ 
67 


162 


csF’ 
QI 
a?F’ 
43 


aiG 
123 





lying terms were discovered, which combine with the low terms first 
mentioned to give multiplets occurring between \ 2450 and X 1906, 
the shortest wave-length observed. 

In all, 33 doublet terms and 17 quartet terms have been identi- 
fied. They are listed in Table I. The term values are counted up- 
ward from the lowest energy-level, a‘F:, those of all the other terms 
being fixed by various combinations. The letters ‘‘a,”’ “b,’’ ‘‘c,” are 
used simply to label the various terms of the same type and have 
no theoretical significance. 

The combinations which have been observed between these 
terms are listed in Table I. They give rise in all to 87 multiplets be- 
longing to the doublet system, 33 of the quartet system, and 44 inter- 
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combinations—164 in all. To facilitate reference, the numbers which 
have been assigned to the multiplets in Table II are inserted below 
the combinations in Table I; thus the combination a?S—a’S’ 
gives multiplet number 3. It may be remarked that no less than 14 
of these multiplets involve combinations between terms which 
differ by two units in the apparent azimuthal quantum number 
(Hund’s L)—for example, a?G—b’D’. Such transitions are quite 
possible in the more complex spectra, but usually give faint lines. 
Figures 1 and 2 represent the relations of these terms. Owing to the 
complexity of the spectrum, the doublet and quartet terms are 
shown in separate diagrams. Those doublet terms, however, which 
combine with higher-lying quartet terms, are plotted on the quartet 
diagram, and vice versa, and the observed intercombinations are 
indicated by dotted lines. 


4. TABLE OF LINES OF 77 II 


To give all these multiplets in the conventional form would 
occupy far too much space, and it may suffice to list all the lines of 
Ti 1 in order of wave-length, and give the designations for those 
which have been classified. This is done in Table II. The first col- 
umn indicates the source from which the wave-length is taken, the 
notation being explained at the end of the table; the second, the 
observed wave-length; and the third, the excess of this, in hun- 
dredths of an angstrom, above that computed from the term values 
of Table I. In the fourth and fifth columns are found the intensities 
of the lines in the arc and the condensed spark. As the previous 
data were very far from homogeneous, the intensities in the spark 
have been estimated anew on a uniform scale, upon original plates 
and enlargements of the spectrum of the condensed spark. Esti- 
mates of selected lines of all degrees of intensity, sufficient to fix the 
scale, were made by Mr. King, and, with these as standards, the re- 
mainder were observed by Miss Moore. These estimates represent 
the observable photographic intensity, and the values therefore tend 
to be low for the long and short wave-lengths. Lines barely visible 
on the plates are denoted by “‘tr.’’ For lines which could not be 
seen there at all, the estimates of Exner and Haschek or, when 
necessary, of other observers, are entered in parentheses. The lines 
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for which the intensity is thus bracketed are faint, except for wave- 
lengths less than 2400 A, for which the concave grating is at a dis- 
advantage. The sixth column gives King’s temperature classification, 
when available. The letter ‘“r’’ denotes a line which is reversed in 
the spectrum of the condensed spark while “u’’ is added if the reversal 
is unsymmetrical. The seventh column contains the wave number 
in vacuo, v, and the eighth, the identification of those lines which 
have been classified. 

To facilitate identification of the various multiplets, the last 
column has been added. In this the multiplets are numbered in 
order of their position in the spectrum—that containing the first line 
on the list is numbered 1, and all other lines in this multiplet receive 
the same number, and so on. 

All lines which are known to belong to the spectrum of 77 m and 
are of intensity greater than 3 on the scale here adopted, or 2 on 
Exner and Haschek’s scale, are included in the table, and also all 
the fainter lines which have been classified. The unclassified lines 
are recognizable by the blanks in the last two columns. They num- 
ber 31, and the strongest is of intensity 30, while the classified lines 
number 529, and run up to intensity 250. 

There are many other faint unclassified lines which have been 
attributed to 77 11 and in many cases probably belong to this spec- 
trum. They may be found in tables in Kayser’s Handbuch. 

5. TEMPERATURE CLASSIFICATION 

The relation between the temperature class and the level of 
origin is fully as conspicuous for enhanced lines as for the arc lines. 
This is very well illustrated by Table II. 

Beginning with the lowest energy-level, a‘F’, all the stronger 
lines which originate (in absorption) in this level are of temperature 
class IIIr (heavily reversed in the spark) and appear in the furnace 
at a temperature of about 2250°,' while the strongest line of all 
appears at 2000° and is of class II. Even the weakest lines in these 
multiplets, and many of the intersystem combinations originating 
in this level, appear in the furnace at 2600°, and are placed in class 
IV. 


1A. S. King, Mt. Wilson Contr., No. 274; Astrophysical Journal, 59, 155, 1924. 
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Source | Pa} [otc] Av | spark | Case |” | Desienation | Set" 
as RP 6717.89 1 + 7 1...... tC 14881.52 | c?D;—b*F, I 
Bedi xesis 6680.26 | + 6]..... ot ia 14965.36 | ¢D.—b*F; I 
: ee 6559.58 | + 1]...... eee 15240.68 | b?Pi—a?D; 2 
See aie 6491.68 | + 7 |..... S) &) SRG. 15400.08 | b?P;—a?D; 2 
ee 6212.2 aa eee Cee fe etecws 16092.68 | a?S,;—a?S; 3 
ee. Rays. 68) 4 BY. 052s Ch gl ORES are: 18264.73 | a?S:—a’P, 4 
eee Ee CAee OF 1 = 2 1.500: (eee 18336.74 | a?S:—a?P; 4 
i ca eoare 5418.77 | + 1 I ° V 18449.26 | b?D;—a’F; 5 
ee neheion | — £ 1...:,. “ae, Pee 18578.69 | b?D.—a’F; 5 
eae 5336.78 | — 1 2 4 V 18732.70 | b?D;—a’F, 5 
ae 5268.63 | + 1 ]...... a Vee 18975.01 | b?Fj}—b’F, 6 
eae £962.54 1 — 2 |...0555 a, Bere 18998.41 | b?D;—a?D; 7 
Beene 5226.56 ° 3 5 V 19127.73 | b?D.—a?D; 7 
Coes eee estr.cet + 24.25. . Raedtss te 19182.72 | b?F,—b’F, 6 
Betasicen 5188.7 +1 4 6 V 19267.30 | b?D;—a?D; 7 
“ee 5185.90 | + 2 |...... Te eee 19277.70 | b?G,—a?G; 8 
Ot toe See foe 2 ee gh Saree 19285.7 b?G;—a?G; 8 
ane Ereé-o7 | — 2 |....... Ye hee 19396.76 | b?D,—a?D; 7 
a eae 5590.87 | + 2 |.....-. “Se, eee ae 19490.92 | b?G;—a?G; 8 
= ome so7?.30 | — 2 |...... ah eee 19709.44 | c?D;—c?D; 9 
anne 00.82) — £ }...<... a ae 19721.81 | c?7D;—c?D; 9 
“eee sors.69 | — 2 |...... a. eres 19939.85 | b*D,;—a‘D; 10 
Se hey 3 5010.21 | — 6]...... oe ee 19953.70 | C?D.—c?D; 9 
_ eee Pe oo 2 ee pS Bese- 20356.00 | c?D;—b’P, II 
SE es 4673.05 | + 2 1...... a ee 20511.53 | c?D.2—b?P; II 
Sachs doe q00¢.62 | + 1 |...... OS foc saxu 20546.64 | a?G,—a4G} 12 
4839.22 eee i) Seer 20658.74 | a?S:—a‘P, 13 
"ere 4805.11 | — 2 4 2 V 20805 .38 | b?P:—a?S; 14 
Ca 4798.52 | — 1 ]...... 2 ee 20833.96 | a?D,.—asG} 5 
ceniings 4779.90 | + 1 2 I V 20914.71 | b?Pi—a?S; 14 
eas ats 4762.78 | — 2 |...... 2) Serer 20990. 29 | a?7D;—a4G; 15 
See 4719.51 “Rees Co) RRR Be: 21182.74 | b4Pj—a?F; 16 
Bais es a7ge.05 | — 2 ]...... Se pete 21231.59 | a?P;—a?F; 17 
ee ioe 4657.20] — 1 ]...... ee ee 21406.14 | b4Pj{—a?F, 16 
Pasian 4630.36 § 6}... 666: () ge ae ae 21562.72 | a4Pj;—a‘F;, 18 
Weare 4589.96 ° 3 2 V 21780.60 | a?P3—a?D; 19 
, See 4583.44 | + 21...... Ody Becitss 21811.59 | a4P3—a?F; 20 
Pocatda. 4580.46 ee 2 ee 21825.7 bsPi—a’?D; 21 
Wee sas 4571.98 | + 2 15 5o0n V 21866.26 | a*H{—a?G; 22 
ere da ke 4506.30) — §]...... 5) epee 21883.87 | b*P:—a?D; 21 
_ ee 4563.77 ° 15 30 \ 21905.60 | a?Pi—a?D; 19 
_ seat 4549.64 | + 1 25 6on V 21973.64 | a?Hé—a?G{ 22 
tons baie 4545.14 1 + 2 f..-... 2, ae 21995.38 | a?G;—a‘F, 23 
OE ee 4544.05 | — 2 }...... ep, ee 22000.85 | b4P;—a?Dj; 21 
eae eS 4533-97 ° 20 30 Vv 22049.57 | a?P;—a?D}j 19 
eo a 4529.46 | — 1 I I Vv 22071.54 | a?Hi—a?Gi 22 
ees 4524.72 | + 2 ]...... (1?) |.......] 22094.65 | bsPi—a?D}; 21 
at ae 4501.27 ° 25 40 V 22209.75 | a?G,—a?F, 24 
Bavae at 66s .52 1° €1..+55% (1) |.......] 22248.05 | a?D.—a‘F; 25 
__ eee 4488.32 | — 2 2 15 Vv 22273.84 | c?D;—cF, 26 
Os cech we 4470.88 | + 1 2 tr IV 22360.71 | a4P3—a?D} 27 
Et. 4469.15 | — I I tr Vv 22369.37 | a?7D,—a‘F, 25 
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TABLE Il—Continued 

soure | > | ad | Jee | das, | Teme | + | Desenain | Male 
Bois waes 4468.49 ° 25 50 V 22372.67 | aG;—a?F, 24 
°c 4464.47 | — 1 2 I Vv 22392.82 | a4Pi—a?Di | 27 
Rcecscrnted 4456.62 | See ae Serer 22432.26 | c?7D;—cF; 26 
Bniodwrs 4450.49 ° 4 10 Vv 22463.15 | a?D;—a’F; 28- 
eee 4444.56 ° I I V 22493.13 | a?G,—a?F, 24 
" Sigearee 4443.80 o| 25 50 V 22496.97 | a?D.—a’F; 28 
ree 4432.1 Sak J eee OR Sigua 22556.36 | a?Pj—a‘Di 29 
Ree oe 4497-05 | FT fo.0 600 ih) ae Bae 22608.14 | b?Pj—b?Di | 31 
Ciiaces a5 4418.33 | — 1 I I Vv 22626.65 | a?Pj;—a‘D; 20 
Bogns-2% 4417.71 | + 2 8 40 V 22629.84 | a4Pj—a?D;j 27 
Bos et 4432.06 | + 2 }...... Ae 22659.43 | béPi—a4D; 30 
eee ee 2 i ae 2 Oe fiw nas 22663.75 | c?Ds—c?F; 26 
ee on eaves pea. ee eee a rere 22671.82 | béPj—a4D; 30 
Bo cxieon 4409.23 | — 3 |..-..- i ae 22673.36 | b’Pj—a4Dj | 30 
Dy sceainat 4407.68 | + 3 |...... ae Ape 22681.32 | a?P;—a‘D; 29 
6... 4309.77 | — 2 6 35 Vv 22722.10 | a?Pj;—a‘D} 29 
eee 4398.31 "alee i) ee 22729.65 | b4Pi{—a4D; }| 30 
SS ee 4395.86 ° I 2 V 22742.30 | b4Pj—a4Dj | 30 
Baaiers 4395.04 ° 25 60 V 22746.55 | a?7D;—a’F, 28- 
Be sacce rte 4394.06 ° 2 2 V 22751.63 | a?Pi—a‘D; 29 
Re staxgtotee 4301.02 | — 4|...... WD Bicksaes 22767.39 | b’Pi—a4Dj3 | 30 
BE siiie:$ was 4386.84 | — 1 |...... Me Fs ae 22789.07 | b?F{—b?G; 32 
ssi staid 4374.82 | — 1 |...... “ae Preece 22851.68 | b?Pi—b?D3 | 31 
.. 4367.67 ° I 15 V 22889.09 | b?Fi—b?G; 32 
SE re ee ome 2 ee a eee 22977.68 | b?Pi—a’P, 33 
aict ten 4344.31 | + 1 3 2 V 23012.17 | a?7D;—a?D; 34. 
Rarer 4341.39 | + 3 2 I V 23027.65 | a?G,—a?D} 35 
Diisccxicucres 4337-92 | — I 10 50 V 23046.06 | a?7D,—a?D; 34 
pe ore ree ee Co ae SOR ea 23049.25 | b?Pi:—a?P,; 33 
Sees 4330.71 ° ° Vv 23084.44 | a4Pj—a‘4D; 36 
: rer 0590.96 1 TP 4 leccs es ee ree 23086.89 | b?Pi—a?P, 33 
ae 4320.95 | + 1 I I V 23136.58 | a4Pj—a‘D; 36 
BE cacasets 4310.80 | +- I |.«+... E fesse 23158.81 | b?Pi—a’P,; 33 
EBioan.2 cies 4314.98 | + 1 5 40 V 23168.59 | a4Pi—asD;i | 36 
eee et 4312.88 | + 1 7 35 V 23179.86 | a4Pj—a4D} 36 
_ ee 4307.89 | + 1 12 40 V 23206.72 | a4P;—a4D; 36 
eee 4301.93 | — I 5 15 V 23238.87 | a4Pi—a‘Di | 36 
ee ete 4300.05 | — I 12 60 V 23249.02 | a4P{—a‘D; 36 
6.. 4294.10 ° 8 40 V 23281.24 | a?D;,—a?D; 34 
Dive gels 4290.23 | — I 8 50 Vv 23302.24 | a4Pj—a‘D; 36 
ere 4287.88 ° 2 2 V 23315.01 | a?7D,—a?D; 34 
-.. 4190.29 | + 4 |...-.. CL” see 23858.01 | a?7D;—a4D; | 37 
Bane Poi. a i i oe a ee ae Pere 23891.98 | a?D,—a4D; 37 
eee 4173.55 ° 3 I V 23953-69 | a7D;—a‘4Dj | 37 
6. 4171.91 | — 1 5 30 V 23963.11 | b?F3—c?D; 38 
Disainatts 4163.65 | — 2 8 40 V 24010.64 | b?Fi—c?D; 38 
ae 4161.54 | — I 2 I V 24022.81 | a27D;—a‘Dj | 37 
os 4064.40 | + 3 ]...... CCR ee ae 24596.96 | b?Fi{—b?P, 39 
Cae 4056.20 | + 1 |...... CU” ier 24646.68 | a?Fj—a4Gj 40 
ee: 4053.84 | + 3 4 3 Vv 24661.03 | b’G,—b?F; 4! 
6.. 4028.35 | + 2 5 7 Vv 24817.07 | b*?G;—b*F, 41 
as oats 4025.13 | — I 4 2 V 24836.93 | a?Fi—a4G; 40 
aes 4012.40 | + 1 IO 4 V 24915.72 | a?F{—a4G; 40 
oe 3982.01 tt Ree et Pea 25105.87 | a?Fj—a‘G; 40 







































































ARC AND SPARK SPECTRA OF 
TABLE IIl—Continued 
) diel Multi. 
Soure | (A) |orc| Arc | Spark | Gime |” Designation | Witt 
| 
ick hee 3932.02 | + 2 ; ae eee! eo vGs—aG, | 42 
6. 3013.45 | — | 18 | 60 Vv 25545.70 aG,—aG, 2 
6. 3900.53 | +1] 20 | 7o | V | 25030. 30 VGs—aGs 2 
6. 3836.10 | +5] 1 = Vv | 26060. 77 vFi—a‘F, 43 
ne 3814.57 |} + 1 | | 4 .| 26207.85 wF;—a‘F, 43 
Bier 3813.30 | +1r/| 2] 2 IV? 26215.07 vPi—a‘F, 43 
Bee eos 3799.78 ° | tr |. 26309. 86 vFi—aF; 44 
Say 3790.88 | + 2 | 2n | 26329.96 vF;—asF; 43 
3- 3779.04 ° | ae eee 26475. 27 b*D;—b’D; 45 
rt 3770.40 | + 2 | (1) | 26514.88 bF;—cF, 46 
re 3761.86 | — 2].. 15 26575.07 bFi—cF, 46 
6. 3761. 33 oO} 40 200 Vr 26578.81 | a’F;—a’F; 44 
6. 3759-30 | + 1] 40 | 200 IVr 26593.16 | vFi—a’Fy 44 
Lee ae 3757-68 ol & i V 26604. 64 | b?D.—b’D; 45 
I. 3748.01 | + 2 | gS ae 26673.27 | b*F;—cF; 40 
BS. A6 am 3741.63 o} 8 | 50 | Vru | 26718.74 b?D,;—b*D; 45 
on 3739-5 —10 | _ 2 eee 20733-97 | b*F{—CF; 40 
II. 3724.08 | + 1 | ig 26844.66 | b?D;—a?P, 47 
C eae 3723.60 ° | | tr 26848 .11 | b*?D.—b*D; 45 
6. 3721.64} — 1} 8 | 15 Vv 26862.26 | a?Fj—a?F, 44 
Bevis ta 3706.22} +2] 3 | 20 Vv 26974.02 | b?D,—a?P, 47 
Bisa 3696.38 | + 1 | OF Be sennxe 27045.82 | pe fae 47 
6* 3685.19 | _ 40 | 250 | IVr 27127.94 | aFi—a:D: 43 
re hs 3666.59 | + 5 |.. | (ou)}....... 27265.56 | ce’D;—c4D; 49 
ee ae 3062.22 ° 4 | 40 | V 27298.09 | b*D.—b’F; 50 
Seay 3659.75 | + 1 4 | 60 V 27316. 50 | b’*D,—b*F, 50 
ee 3648.87 | — 3 BS aa 27307.97 | wvHi—bF, 51 
Bitsy 3641.33 | — 1 10 | 100 | V 27454.70 | a*P;—a*S; 52 
ee ae 3627.70 | — 2 DES) No saad SSSR bsPi—a?S; 53 
Sissaes 3624.84} +1 8 | 70 | V 27579.59 | aP;—a?S; 52 
3: 3590.55] +7 |...-..| tr ].......] 27796.52 | b’D.—b*D; | 54 
O24 3596.05 | — 1 10 | 60 | V 27800.38 | a?Fj—a‘D} 55 
3: 3503-11 | + 7 1 hiseeees 27823.13 | b*D,—b*D; 54 
ae 3587.13 | — 1 4 | 3121] V 27869.51 | aFi—asD, | 55 
“SR 3578.70 ° 2S ore 27935-16 | ¢D;—c'P, | 56 
Be: 3576.37 | — 4 p sini (ou)}.......| 27053-35 | b*D.—b4D; 54 
ae 3573-72 | — 2 6 20 | V 27974.08 | a’F;—atD2 | 55 
Bin 3506.00 | + 2 2 6]V 28034. 64 | asP3—aSi 57 
ee ee 3565.33 | + 4 3 |.-..+-.| 28039.91 | b?D;—b*D; 54 
Pe a 3561.92 | + 1 I 1 | \ 28066 . 76 | asPi—a*S; 57 
24 3501.50 ° 2 3 V 28069 . 36 aF3—asD; 55 
i on, 3535.40 | — I 10 40 \ 28277. 28 b*P,—c?D5 58 
eee 3533-85 | — 2 i 28289. 69 | b’P;—c*D; 58 
Co 3524.85 | — 1 |... tr |..... 28361.92 | cD;—dD; 59 
a ee 3520.25 ° 8 20 | V 28308.97 | b’P:—cD; 58 
en et 3513.08 | + 3 tr j.......] 28456.94 biF,—asG; 60 
OS 3510.84 | + 1 10 60 Vr 28475 .09 | bG,—bG, 61 
eee 3509.85 | + 1 I 3 | V 28483.13 | b’Gs—b’G, 61 
aaa 3505.91 | + 3 |... © 1..,. 28515.13 beG,—b’G; 61 
ee 3504.89 ° 8 80 | Vr 28523.43 b°G;—b°Gs 61 
_ eee 3500. 33 ° 4} #18 28560. 59 bsF;—asG; 60 
* Eee 3492.5 + 3]... | gm|.......| 28624.62 vG,—CF; 62 
Te 3491.05 | — 1 8 | 10 | Iru | 28636.51 | b'F;—atGi | 60 
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rd [oftc| Be | di | Baz | - | meiomson | Ma 
74 | ° 4 2 IV | 28647.26 | b4Fj—a4G; 60 
80 | + 2 4n .| 28696.09 | a2G{—c?F; 62 
a 89 ° I ° V | 28720.09 | a?D.—a’S; 63 
| ij —1 15 15 IIIru | 28750.73 | b*Fj;—a4G; 60 
5 909 | + 2 2 tr V | 28752.30 | b*F{—asGi 60 
38; +8 I 3 V | 28846.97 | b?P:—b?P, 64 
50} —1]| 20 20 IIIru | 28880.96 | b4F{—a4G; | 60 
.o1 | — 4 ; (ou)}. ...| 28901.76 | a?G\—c?F, 62 
40o|/ +1] 5 20 V | 38923.58 | b?P:—b’P. 64 
2|+ 2 2 4 V 28956.92 | b?Pi—b?P, 64 
31 | ° 15 30 IIIru 29025.10 | b4F{—a4G6 60 
38 | + 2 I 29032.94 | b?P:—b?P, 64 
69 | + 3 (1) 29208.43 | b4Pj;—b?D; 65 
95 ° 3 2 IV 29257.50 | a?P;—b?D; 66 
Or | +r 3] (o) | 29282.69 | b4Dj{—d4F‘ 67 
Soj +1] 5 4 IV 29318.85 | asFi—a‘G; 68 
20 ° 4 3 IV 29341.23 | atFi{—asGj 68 
.99 | + 3] (1) 29360.27 | b4Pi:—b?D; 65 
42} +1] 3 8 V 29382.44 | a?P{;—b?D; 66 
a7 1+ 2 15 40 Ill | 29450.38 | a4Fj—asG; 68 
75 ° 2 8 V 29500.97 | a?P:—b?D; 66 
.83 ° 15 50 IlIr | 29508.97 | a*Fj—a4G, | 68 
76|—11| 40 25 IIIr 29544.47 | asF;—a4G; 68 
28 ° 15 30 Ilr 29574.88 | a4F{—a4G; 68 
92) +1] mn 29578.03 | b*Pj—a?P, 690 
34 o}] 2 8 V | 29626.95 | a?P;—a?P, 70 
80 ° 30 100 ITI | 29640.47 | asF/—asG) 68 
| 3 , 4 3 4 
20 on 10? V | 29645.74 | a?Fj—a?G; 71 
67 | + & on 29668.00 | atDj—c'F; | 72 
20 ° 2 2 V 29672.14 | b4P;—a?P, 690 
| 7|/—I1 5 8 II! | 29608.84 | a?P}—a?P; | 70 
86 | +14 In | | 29710.41 | a4Dj—c4Fy | 72 
66 | + 2 I | 29729.85 | b*P:—a?P2 | 69 
22 ° 40 25 Ilr 29742.58 | a4Fj—asG; | 68 
.06 | — 1 I 5 V 29823.86 | a?P;—a?P, 70 
66 | — 2 | In 29827.42 | atDj—c4FS 72 
53 | + 2] I .| 29837.47 | a*P:—b*D; | 73 
41 | ° 40 25 IIr | 29847.46 | atFi—atGs 68 
.02 ° 20 75 Ilr 29850.93 | a?Fj—a?G; 71 
82 | ° 5 10? | III | 29852.71 | b4sFj;—a‘F, 74 
72 ° 7 15 Ill | 29871.45 | bsFj—a‘F; 74 
.76| + 2 6 10 Ill | 29897 .88 b+Fi—asF, 74 
.87 ° 50 fore) IIr | 29914.79 | a?Fj;—a?G; 71 
33 ot a5 35 | I[Iru | 29928.59 | b*F:—a‘F, 74 
79 | — 5 2 2 V 29951.35 | a?P:—b’F; 75 
.98 | + 2 te i, ..| 29958.63 | asP3—b?D; 73 
19 | + 2 20 40 IlIru | 29974.71 | b*Fj—a‘F; 74 
.I0 | oo} 8 30 Vr 30002.50 | b*P;—a4S; 76 
.45 o} 20 7o | IlIru | 30026. 390 biF,—a‘F, 74 
.76| +1 5 20 | IIIru | 30050.66 | b4F;—a4F; 74 
93 | +X 20 7s | IIIru | 30085.29 | b*F{—a‘F; 74 
.7o|+1] 6 25 | IVr 30096.44 | b*P:—a‘S; 76 
.08 | ° (1) | .| 30120.19 | b*Fj—a’F, 77 
or|—I1 8 ro | IlIru | 30129.091 | b*Fj{—a‘F, 74 
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3315. 
3308. 
33°97. 
3300. 
3302. 
3208. 
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32806. 
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.gI 
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3275.- 
.06 
.63 
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b4P{—a4Sj 
biFi—asF 
b+F}—a?F; 
a4P}—a?P, 
b4F{—a’F, 
aiP; —a’P, 
b+P3—bsD; 
bsP}—b4D; 
b4F/—a’F, 
DG aH 
2 ¥5 —a? 5 
b4P{—b4D;{ 
aG,—b'Di 
a?D,—b?D; 
b4P;—b4D; 
bsFj—a’F, 
a4P}—asS} 
a’?D,—b?D} 
b4Pi—b4D; 
bsP}—b4D$ 
a’?P{—bsD} 
aPi—biD! 
asP)—a‘S) 
fb?G,—a?He 
| b4P{—b4Dj 
a4Pi—a‘S; 
a4‘Fi—a‘sF, 
asFj—a‘F; 
a4Fi—asF, 
aD,—b?D} 
bsP$—b4Dj 
a4F3—asF, 
biF{—a?D; 
a’?D,—a’P, 
a‘F;—asF, 
a4‘Fi—a‘F, 
a?D,—a?P, 
a4Fi—asF, 
vG,—b°F; 
bsFj—a?D} 
a?( a b’F, 
as‘F3—a‘F, 
a?D.—a’P, 
a‘Fi—a?F; 
a’Hé—b?G 
a4Fi—a‘F, 
b4Fi—a?Dj 
a?Hi—b’?G; 
a4Fi—a‘F; 
a4‘Fi—a’F, 
a?Hi—b?G/ 
ask s—csFy 
a‘F;—a’F, 
a4F,—csF} 
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85 
86 
90 


89 
gO 
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89 
QI 















































300 HENRY NORRIS RUSSELL 
TABLE Il—Continued 

Source , ; @ 4 ( ‘= a ¢ aol > v Designation — 
Saree ae 3206.00 7 See a ee ee 31182.54 | a?7D;—b*F; 2 
ice eaes 3203.42 | — 2 4 3 IV 31207.65 | a4F{—a?F; 89 
SRS: 3202.52] — I 12 40 Vr 31216.42 | a?D.—b*F; g2 
Ges 3197.51 ° 4 2 IV 31265.32 | a4Fj—a’F, 89 
eee 4808.00 | + 2 1...... fae eee 31280.20 | a4Pj3—b4Di | 93 
ilies 3195.714 + 1 2 3 \ 31282.93 | a?D;—a‘S; 04 
Wivie.ctesien Fe ee Gee ee ci. ha en oo er 
Bch 2966.55 | —20'}.....<. ee 31294.29 | a4F;—c4F! gI 
va pies 3194.25 | —13 |...... ot 31297.2 a4sF,—c4F; QI 
ree | 9102-67 | — 2 |....... i ee 31312.71 | a4F;—c4F} QI 
ee | 3192.26 | + 1/]...... ae See 31316.73 | a?D.—a‘S; 94 
AER ge 3190.87 | + 1 20 30 IVr 31330.39 | aD,—b*F, 2 
Sere 5500.52 | = © |.5.5..% WOE cg chas 31343.64 | a4F,—c4FY gI 
Be arsiacsa's 3184.09 | — 2 |...... “ee Sere 31397.09 | a4Fi—a’F, 89 
Be es ages 4302.67 |. — 4 bss... | ee 31412.09 | a?Di—c’F; 95 
Sane aneae. 3181.82 | — 2]...... he 31419.50 | aDi—c?F; 95 
Be crencitest hs $990.23 | — § |. «.5.. -_ eae 31435.20 | a4F,—c4F} gI 
Cee gn70.03 | — 2 }..... ene eee 31451.12 | a4F;—c4F; QI 
ee 3175.67 ae "3 eee 31480.34 | a4F,—c4F! gI 
Pee ne rane i Aare eer) Seer 
ee 3168.52 |] + 1 30 40 | IIIru | 31551.37 | b4Fi{—a4Dj | 96 
Re ie ay | a ee m Mesere ss i. A a eee 
_ eee 3162.56 | — 1 25 35 IIIru | 31610.82 | b*Fj—a4D} | 06 
ee 3161.76 | — I 20 30 IiIru | 31618.83 | bsFj—a‘4D} 96 
ree 3161.19 | — I 20 25 IIIru | 31624.53 | b4Fj—a4D; 96 
eee 3157.39 ° 2 2 IV 31662.59 | a4F{—a?D} 97 
eecaear 3155.65 | — 2 IO 12 IVru | 31680.05 | b4Fj—a‘Dj 96 
ee saad 3154.18 | — 3 IO 12 TVru | 31694.81 | b4Fi—asD} 96 
_ eee 3152.24 | — 2 12 15 TVru | 31714.31 | b4Fj—a4D{ 96 
BS etnies 3148.03 | — 2 2 12 IV 31756.73 | a4F3—a?D) 97 
es 3145.38 at! CEM RE ° (V) 31783.48 | a?S:—c?P,; 98 
| Oe 3144.72 ° 2 I V 31790.14 | a?S,—c?P, 98 
ae ore 3143-75 | + 1 10 10 IV 31799.94 | a4Fj—a?D} 97 
Be ccie etien CO ee a i oe se a ree 31870.92 | a?D.—b4D{ | 99 
| ee 3130.81 | + 2 15? 15 IV 31931.39 | a4F{—a?Dj | 097 
ae 3128.64 | + 4 8 ton} IV 31953-.53 | a?F,—c?F{ | 100 
| re 3127.90 | — 3 5 ton | IV 31961.09 | a?F;—c?F{ | 100 
Weecie kids $502.20 } <P 3 isc. i ee 32020.47 | a?Pj—a‘P,; | 101 
6. 3121.60 | — I I Vv 32025.60 | a4Fi—a?D$ 97 
2 He 3119.80 ° 5 15 V 32044.07 | b4Pj—a4P, | 102 
Weis fasten SUIG05 | 4S [ee ess “2 ese 32053.83 | a27D;—b4Dj | 99 
a 3117.66 | — 1 8 20 V 32006.07 | b#Pj—a‘4P,; | 102 
. ee tis.c69 | T 4 }...... “ae Pe 32092.52 | a?Pj—a‘P, | Ior 
eee 3112.05 ° 3 10 V 32123.87 | béP{—a4P, | 102 
et 3110.61 | + 4 4 20 IV 32138.74 | b4Pj—a4P, | 102 
De Scionsiate QtIO.35 | + 41... <. _ Se Berea 32143.90 | b?D;—c?Dj | 103 
, ne ae 9208.05 | + § j...... . Pitted 32156.10 | b?D;—c?D} | 103 
eee 3100. 23 ° 10 35 Vr 32184.07 | b4P{—a‘4P; | 102 
eee 3105.08 ° 5 20 Vr 32195.97 | b4P{—a‘4P, | 102 
pret 2208.66 | + 3 |... ® Wedssax 32200.94 | b?G,—c?F, | 104 
iaicaws 3103.80 ° 6 50 Vr 32209.25 | b*>G;—c?F, | 104 
neh decies 3503.00 | Fr © foes oe a See 32217.56 | a?Pi—a‘P, | ror 
Mi ieinieaste 3097.63 | + 2|...... “2 renee 32273.40 | b*D.—c?Dj | 103 
Ee 3097.18 ° 7 25 Vr 32278.09 | b4Pi—a4P; | 102 
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source | OPE | oo | Hat | dat, | Tamm | + | Designation | Mali 
5 so06.a3 | 4 £1:..... SS eee 32285.90 | b?D.—c?D} | 103 
72. 3090.04 | + 7 |...... | See 32352.82 | atGé—ci4FE | 105 
ee 3089.39 | + 1 6 15 Vr 32359.48 | b*?G,—c?F; | 104 
Mtr rn 3088.03 | + 1 60 75 Ilr 32373.72 | a4F{—a4Dj | 106 
: 3081.58 a ee yer 32441.48 | atGi—ciF4 | 105 
6.. 3078.64 ° 45 50 IIIr 32472.47 | a4Fj—asDj | 106 
EE 3075.22 ©} 40 40 | IIIr 32508.58 | a4Fj{—a4D} | 106 
oe 3072.07 Oo} 40 40 Iitr 32532.38 | a4Fi—a4D} | 106 
| a 3079.56 | = © boo. sus | ee 32536.93 | atGj—c4F} | 105 
ME ey 3072.10 Oo} 30 30 Ilr 32541.59 | a4Fi{—a‘4Dj | 106 
6... 3071.23 ° 4 15 V 32550.80 | a4Pj—a‘P, | 107 
ae arte 3066.52 | + 2 3 3 IVr 32600.81 | a4Pj;—a‘P,; | 107 
ees 3066. 36 o | 20 20 IVr 32602.50 | a4Fi;—a4D; | 106 
6... 3066.20 | — 2 30 30 IVr 32604.21 | a4F{—asD} | 106 
6.. 3063.48 | — 1 2 4 V 32633.16 | a4tPj—as4P, | 107 
Phas pees f 3003.26 + oe Fesyorer vais 32635.50 | a4Gi{—c4F) | 105 

( = fa4sP/—aasa 

Beas 3059-73 |) __ “~ 5 , I\ 32673.13 |4 oa oa oe | 
6.. 3058.08 ° 7 50 Vru | 32690.77 | a4P{—a4P; | 107 
Eee soe7 as | + 3 ].....- a ee 32697.73 | a4Fi,—a4Dj | 106 
_ eee 3056.74 ° 4 15 V 32705.10 | a4Pi—a‘P, | 107 
Btgrisovia's 3048.77 | + 1 I 6 V 32790.61 | b?D;—b?P, | 108 
ee 3046.67 | — 1 5 30 V 32813.20 | a4P;—a4P; | 107 
i ed) ees, Sean Se Tg See Seen 
Berit 3043.85 | + 5 I 5 Vv 32843.60 | b?D.—b?P,; | 108 
EA Ae S008. 98 [ = 8-4 .554.. De earch 32899.15 | a?Hé—a?H,; | 109 
, ee 3036.78 | + 1]...... a rr 32920.04 | b?D.—b?P, | 108 
Derive nan 3029.72 ° 4 35 V 32996.77 | a?H{—a?H; | 109 
Disisnaed 3023.88 | + 3 |...... pee 33000.49 | a?Gj—c?G, | I10 
Beste cee 3022.83 | + 4 |...... a ee 33071.97 | a?G{—c?G, | I10 
Bit esc 3017.18 | — 1 4 50 Vru | 33133.91 | a?Hé—a?H¢ | 109 
Bain-oene 3008.33 | + 2 a S Bisicicvve 33231.38 | a?H{—a?H¢ | 109 
: en ea ee 4 5 IV a St eer Sawin 
SN a ttieta 2900.15 | — 2 |...... ae ee 33433.41 | a?Dj—d?Fj | 111 
Yaar eguy.s8. 1 + 1 )...... e Fpcrwwed 334604.41 | a?7D;—a‘P,; | 112 
eee 2979.18 | — 3 ]...... a ee 33550.52 | a*?Dj—d?F} | 111 
Bn ink oe AE, eee Pe csn eave Po tt ie ere 
2. 2958.98 i, ee a Gearemeeeee 33785.59 | a?Gj—b?Hé | 113 
Se ae ee 2958.28 | — 2]|...... BR Paineane 33793-.59 | a4F;—a4G, | 114 
Mi atein a hes 2954.76 aoe OP besasexs 33833.84 | a?G{—b?Hé | 113 
Siig awe 2962.10 | — 3 1...... a Beer as 33864.32 | a4F,—asG, | 114 
Bee cheats eoee-ae i 4 £ 1.4... Renesas 33940.57 | a4F;—a4Ge | 114 
tase 2943.12 a oN Aaa 33907.65 | a?F,—d?Fj | 115 
_ ee 2941.99 9 ne as eee 33980.69 | a4Fy—a4G,; | 114 
j TS ie ee Fee ere CS ee ene 
ee Mediate 2938.69 es ee Ce epee 34018.84 | atF;—asG, | 114 
eee 2936.17 2) are OE Pare & 34048.05 | a4F,—a4G,; | 114 
eee agst.a7 | 4 3 1...... Oe 34104.96 | a?F,;—d?F{ | 115 
Soret ind eee eee “ier SoRerae oe eS ee ee Seer 
aaa 2927.87 SS eee i ereaeener 34144.57 | a4F;—a‘4Hé | 116 
ae ce 2926.75 “ee a eee 34157.62 | atF;—d?F{ | 117 
Bens ws 9054-07 |....5. 2 8 V MEO AE Oe aie coe 6s e5 BS ark 
RR acne 2923. 2 ere a eee 34193.83 | a4F,—a‘4H{ | 116 
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302 HENRY NORRIS RUSSELL 
TABLE IIl—Continued 

Source TA) |ovc| it Stark Ge ’ Designation — 
Be teds wien 2918.77 | + 2]...... PTS oisixexc 34251.01 | a?F;—d?F{ | 115 
ger 2916.70 | — 5 |...... | See 34275.31 | c?D;—d?F, | 118 
Oe cs sateen SS Peeper ae Ceerer SF Berra 
reese WRAD Byes occds caus a rere NRG Es 5 soe balsa ay ee 
MS rset Oe Corea a, eee se ee eee 
WG sas 54 2913.08 See ly See 34317.91 | a4Fi—a?Gj | 119 
AE era 2910.76 | — 2|...... re 34345.26 | a4F,—d?F, | 117 
etc cnvicl 2909.91 ° I 7 Vv 34355.29 | a4Fi—a?G | 119 
se Raley: 2909.45 | — 2 ]...... er 34360.73 | c?D.—d?F; | 118 
Ras sronens eS eee See UPI oS scwcrase OUR Be Bis ona eas ase 
Me sae.haisee GD Aaland che ccs ace i See CO Oe a eee 
ae caranahels 2901.94 | — 2]...... Mm teeasccs 34449.63 | a4F{—a?G{ | 119 
EE abes.81 | + 4 |......  - ee 34522.56 | asFi—a?Gi | 119 
nee 2891.05 | — I 3 15 Vv 34579.40 | a?Fj—b?Dj{ | 120 
: eee eee eee ere Oe ) ere ere: ae 
Ores ne, 2888.92 | — 1 2 15 Vv 34004.89 | a?F{—b?D; | 120 
ee oe Ae: See eee WME Bs Saw 6 ideas She vin ae 
"et 2887.46 | + 2 I 2 V 34622.39 | a?G;—b?Gj | 121 
eer 2884.10 | + 1 7 70 V 34062.72 | a?G;—b?G; | 121 
| ee 2880. 28 eee at rece 34708.70 | b?D;—c?F, | 122 
Wises 2877.42 | — I 6 60 V 34743.18 | a?G,—b?Gj | 121 
OE ie at dae St ” a See ge ae ED ere re are 
os beak a fe See 3 ee CS a ee aera 
nn 2874.08 | — 2]...... ae See 34783.55 | a?Gy—b?G{ | 121 
, Spereeee eee See eee CES res Serna 
ee 2868.73 | — 1 2 15 V 34848.42 | a?F{—b?Dj | 120 
ors eran a 2868.29 | — 1 ]...... Yt ee 34853.78 | atG§—asG, | 123 
DeieNar 2862.31 | — 1 4 30 V 34920.59 | a?Pi—c?Dj | 124 
ee oe a Sr eee ee eT Gre Serene 
Ee 2861.29 | — 1 I 3 V 34939.04 | a?P}—c?D}; | 124 
Be heise o5 we, Be ae Sl ae 34045.14 eee ARS ore 
eee 2858.40 ° I 8 V 34974.35 | a?Fj—a?P, | 125 
Oy ae Ee, Pores a rere pO OS SPP eerie See 
eee 2856.62 | + 2|...... “2 er ee 34990.16 | b?D.—c?F; | 122 
ee ae eens 9656.24 | + t |..-... ae etre 35000.81 | a4Gé—a4Ge | 123 
. Oe 9856.40 | — 4 |....:. 5 eee 35010.00 | a4G{—a4G, | 123 
e; 2853.92 ° 2 fe) V 35029.26 | a?Fij—b?F; | 126 
Beek 2851.09 | — I 2 20 V 35004.02 | a?Pi—c?Di | 124 
pissin 2846.09 | + 5 |...... Me. Wey os 35125.62 | a4G{—asG; | 12 
| ate 2844.09 | — 1 |...... Sar ergee 35150.32 | a4Gj—asG, | 123 
ee crise 2841.91 | — I 7 30 Vr 35177.28 | a?Fi—b?F, | 126 
Co 2839.70 | + 4]...... “Sh eee 35204.67 | a4Gé—a4Hé | 127 
a s-otaxeigs 2640.64 | + 4 |.....: a Spree 35242.62 | a4Gj—asG, | 123 
ES 2834.14 | — 2]...... a eee 35273.73 | a4Gf—aitGe | 123 
6... 2832.16 | — 1 5 20 V 35298.37 | a?Fj}—b?F; | 126 

rc fasQl/—asln 

re 2828.89 : 7 ere rt eee 35339-19 ‘ait —oant i 
West ares 2828.15 ° 2 60 V 35348.42 | a4G6—a4H} | 127 
. ee ee oe an ee 35360.06 | a4Gj—asG, | 123 
RS ae |: 2821.41 Do reer oe eee 35432.87 | a4Gj—asG, | 123 
MR rhs ecto 9890.36 |......:. I 4 V oe ee eee, eeu 
2 ae 9815.09 | — 4 }....%. _ a Ceaeegele 35450.71 | a4Gj—a4Hj | 127 
Bes iman 2817.84 ° (1) a eee 35477-7 a4Gi—a4Hé | 127 
: Sept 4855.97 | FP 2 lowes a eee 35506.35 | a4Pi—c?Dj | 128 
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sauce | Pad | oc | He [dale| Tae | > | eemin | Ma 
Yeo srs.6e | 4 § 1... a) rere 35518.46 | a4Pi—c?D; | 128 
eo seieidan e0t2.05 | + 2 1...... SS Seer 35550.80 | asP{—c?D; | 128 
Be socicste 2810.28 | — 2 I 50 V 35573-19 | a4G,—atH{ | 127 
ea? 2806.41 | — 2 I 5 Vv 35622.23 | a?Pi—b?P, | 12 
iia Se 2805.01 | + 3] (tr) Oe. Beacewe 35640.01 | a4Gj—astHy | 127 
Mita haroet 2800.65 | + 2 ].....- a 35695.50 | a4F;—a4D, | 130 
Pe ee 2700.62 | + 21...... Oo) eee 35823.79 | a4F,—a4D; | 130 
, ee 2788.00 | + 3 |...... BO Geeta’ 35857.46 | a4F;—a4Dz | 130 
eer 9786.00 | — 2 4...4.. Tt eee 35883.32 | a4F,—a4D, | 130 
ES wk isiubip 2784.67 | + 3 |...... oe 35900.32 | a?Fj{—b4Dj | 131 
Sora wie a sid 2782.30 8 eee nee 35930.91 | a4F,—a4D, | 130 
Bs ew 9706.45 | — 2 1...4.% WEEE 5 sca-niok 35953-51 ht 131 
ae 4F,—aiD 
age RE 2778.48 |; __ a eee ht ere 35980. 31 ae oom 
ite iso 2768.20 | — 4]...... aces 36113.91 | a?F,—c?G, | 132 
ee Stns 2765.65 hae a ae 36147.21 | a4D{—d4F} | 133 
a! bs acl 2965.22 | + 2}...... ae Reece 36152.83 | a4Pi—b’P. | 134 
eee 2764.80 | — 1 I 10 V 36158.33 | a27D;—c?Dj | 135 
eS 2764.3 8 §5555-- 7 eer 36164.87 | a4Di—d4F, | 133 
NL eareets 2763.90 | — 21...... T) eee 36170.08 | a?F{—b4D§{ | 131 
irs ios 2762.92 | + 3 |...... ee 36182.92 | atDj—d4F; | 133 
Meg ass eek 2762.22 | — 1 |..... Bocce 36192.11 | a®7D.—c?Dj | 135 
BS ie satel 2761.29 ° (1) oe eae 36204.28 | a?7D2—c?D) | 135 
ee 2758.9 2 Se Uae 36235.64 | atDi—d4F; | 133 
Me sas Scsee 2758.35 | — 2 |...... oy eee 36242.87 | a4Di—d4F} | 133 
See 2757.62 ee ye 36252.47 | a4Di{—d4F; | 133 
Seer 2752.85 | — 7 |...... es eee 36315.27 | a4Di—d4FE | 133 
eee +. a 2 eer CY ener 36330.45 | aFy—cC?G,; | 132 
My reascnes 2746.70 | + 1 |...... eee 36396.58 | a?F;—c?G, | 132 
| £786.90 1... 250% 15 8n | III Se een anaes 
es ee 2738.7 i eee OS baa 36502.90 | b?Pi—c?P2 | 136 
Sere 2730.95 | — 6 | (tr) a. Eee 36606.47 | b?Pi—c?P; | 136 
CE 2725.78 | + 1] (tr) See 36675.91 | a?G,—a?H; | 137 
cs 2719.39 | + 2 | (tr) ay eee 36762.09 | a?7D.—b?P; | 138 
Wr cut l 2717.29 | — I (tr) eS See 36790.49 | a?G;—a?He | 137 
yea 2716.20 | — 5 | (tr) “ee 36805. 2 a’D;—b’?P, | 138 
Bivcutnawtes 2733.96 | + 1 I...... 7. Seer 36838.34 | a?7D.—b?P2 | 138 
Briss 5e. gobi 2707.05 Dae a epee 36929.65 | b’Pi—d?D; | 139 
ia Kaviaien we i eae a Seer Po Se eee eee 
aes 2695.97 | — 4]...... “2 eee 37081.42 | b?P{—d?D; | 139 
i fa2P/—_c2F 
Beye Rat 2055.30 n tr Pita tne > Pipes. 37649. 35 Fade ae 
See 2646.08 | — 1 ]...... a ae 37780.52 | a4F;—d4F{ | 141 
Fo axate 2642.15 o | (tr) ee 37836.71 | a4F,—d4F) | 141 
Pee eeee 2638.70 | + 2]...... fy re 37886.18 | as4F;—d4FS | 141 
ee hah 2635.60 | + 3]...... Eee 37930.74 | a4F,—d4F) | 141 
3||. 2632.95 | — 8]...... ae eee 37908.92 | atF,—d4F, | 141 
ee oe 2630.2 "Dee ee eee 38008.61 | asF,—d4FS | 141 
Sse 604.11 | + 2 1...... 8 eee 38389.39 | b4F{—b?D; | 142 
Stace ocet.73 | + 3 |...;.. a eee 38722.15 | aD,—c’F, | 143 
f-— 1 . f b4Fi/—b?F,; | 1 
3*. 2573-91 lm aff e an ereer 38839.79 atGi—d4F; pe 
a Eee Te) ie i a eae 38842.65 | a?Fj—b?G; | 146 
feng aca 572 ae ae © Teoesncut eee ate ok niin ew ee 
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TABLE II—Continued 

source | ORI | oc | RE | data | Tams | > | Desinasn | Ma 
Wis i 2571.03 | + 1 (1) ee See 38883.29 | a?F{—b*G{ | 146 
Bes otecw sens 2568.08 | + 3 |j...... “ee ee 38914.31 | aD.—c?F; | 143 
er 2564.49 | — I ]...... ae age 38982.44 | a4Gi—d4F4 | 145 
ete 2555-98 o |} (tr) Ue Peosiea< 39112.22 | a?Fj}—b?Gj | 146 
AN e548 90 | — 3. ].0 600% OE Be cane 39223.77 | atGj;—d4F; | 145 
Ce eee 2546.88 | — 4]...... 2s 39251.96 | a4Fi—b?D§ | 147 
ee 2535.87 ° (1) ie eee oe 39422.36 | b4F,;—b4D; | 148 
Wk asain cet 2534.62 | + 1 (2) Oo Boece 39441.80 | b4F{—b4D; | 148 
eee 2531.25 | + 2 (2) OE) Te os 39494.31 | b4F{—b4D; | 148 
ane 2529.86 | +12 ]...... “a Cee 39516.00 | b4Fi;—b4D; | 148 
ENE eae 2525.60 | + 1 (1) [eee 39582.65 | bsF{—b4Dj | 148 
ee 2524.63 | + 11] (tr) ere 39597.86 | b4F{—b4Dj | 148 
ere aeny 2519.79 | — 1 ]...... ae See 39673.92 | b4F;—b4D} | 148 
Peer eee 2519.31 See Me Weseses 4 39681.48 | a4Fi{—b?F, | 149 
ee $615.00 | 8 Jiscss. ay Seer 39701.17 | a4Fi—b*F; | 149 
re 2517.43 ae a) Cee 39711.12 | b4Fj{—b4Dj | 148 
ae 2510.00 | FT Leis ses a Seca 39814.38 | b4Fi{—b4Dj | 148 
Ws. sacuiaias 2408.94 | — 1 |...... 2 See 40004.91 | a?Fj—c?D} | 150 
ie ie 2481.49 Cee i Se 40286.23 | a?Fj—c?D; | 150 
ee 2478.77 | — 2 |...5-. og) Seen 40330.41 | a4F3—b4D} | 151 
| mace 2478.64 | — 4] (tr) A ES Seeded 40332.52 | a4Fi}—b4D) | 151 
, ee 2497.21 | + 3 |.-.2.- Oo) See 40355.81 | atF{—b4Dj | 151 
Bi hessihs wk 2474.33 | Fe 4 Ne s0 60 “) See 40404.58 | a4F{—b4Dj | 151 
BS gia at 2460.55 | - 2 |.<5.%. Ot See 40487.53 | a4F3—b4Dj | 151 
eee 2464.00 | + 5]...... lle eee 40572.15 | a4Fi{—b4Dj | 151 
tee 2450.44] + 1] (tr) og See 40796.64 | b?D;—d?Dj | 152 
Ate 2447.92 | — 1 |....+.- a ae 40838.64 | b?D;—d?Dj | 152 
Ms ieee 2442.67 | — 2|...... tra 40926.39 | b?D.—d?Dj | 152 
ee 2440.21 | + 2] (tr) 2 ee 40967.67 | b?D,—d?D} | 152 
tie cod 2357.82 oS ee 8 See 42399.07 | béP3—c*#D; | 153 
Se aie asec. 86 | — £ hs «ss. o. e r 42434.35 | b4P§—c4Di | 153 
Weg ieidw.al 2355.17 DP ilovetras's Ce eee 42446.79 | b4Pj—c4Dj | 153 
BOR oeuid 2354.61 res Oe Bee sce 42456.86 | b4Pi—c4D; | 153 
Re SS Oper Coane COD Se anivecwre ee eee ene Tike 
Me hig Scan 2350.67 | + 1 |...... St Cee 42528.04 | b4P}—c4D} | 153 
Sear 2349.97 — Gaeeeee fc} aaa 42540.69 | b4Pi—c*#Dj | 153 
re aiaars 2347.46 | — 1 |...... Lg See 42586.21 | b*Pi{—c4D} | 153 
Bids waves 2340.35 4 eee oo) ear 42606.33 | b*P{—c4Dj | 153 
aoe re a, cae Se a roe eer Seed 
Bese savielaawiy ee eee is See SS er er 

st a Se Bere oS ae PN a re ae 
eT uae B 2291.85 |) eee ere 43619.40 | a?7D,—c4Dt | 154 
Me aiciean 2286.23 | + 3 |...... Sy i) ae 43726.62 | a?D;—c4Dj | 154 
ae $269.14 | + 1 |...-.-  @ eer 44055.91 | b*G,—d?F; | 155 
: eee oy 9966.53 |] 7 2 [esse le ieee 44133.90 | c?D;—e?D; | 156 
Ree 2 2261.64 | + t |...... 7 ere 44201.98 | b*?G,—d?F, | 155 
Best gan $262.23 | + f [oss ig See 44210.01 | b?G,—d?F, | 155 
Sask 2963.90 | — 2}. .5+.-+ CU eee 44366.37 | c?D.—e?D; | 156 
b Peerage 2250.09 | + 1 |...... (ope 44428.85 | c?D;—e?Dj | 156 
ere $948.30) = © joc cs. 7) See 44661.07 | c?7D.—e?Dj | 156 
Wee ccm a en Serer 8 ere 8 ee ee ane 
: ree 2330.05 | + 3 |..-45. St ee 44809.98 | a?7D;—d?D} | 157 
Se Sate 2229.25 | + 1 |...... i) ee 44844.18 | a?D.—d?Dj | 157 
Nee 2228.85 | + 1 |...... i) ee 44852.21 | a?7D;—d?D} | 157 
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— (A) |orc| Arc si | ce . Designation . —¥ 
ee eee 2237.%4 | — 2 |...54. iD See 44886.64 | a?D.,—d?Dj | 157 
ae 2201.31 Pee “UE See 45413.27 | c?D;—eF; | 158 
Neeson 2190.13 eee CO) Seer 45045.08 | c?7D,—e’F; | 158 
eee 2187.50 ot CR Saaaee 45699.95 | c?7D;—e?F, | 158 
BE gaan 2162.68 “2 See Oh Cerna 46224.36 | b4Pj{—b4P, | 159 
| eee 2159.50 eee Ti See 46292.42 | b4Pi—b4P,; | 159 
ane 2159.09 eee CD ieee 46301.21 | b4P{—b4P; | 159 
Se rergheeasa a 2158.29 | — I i Seer 46318.57 | b4P3—b4P. | 159 
“See 2156.80 Shean’ ty) Sere 46350.36 | bsP{—b4P, | 159 
Barca 2155.58 | — 2|...... i Sete 46376.59 | b*Pi{—b4P, | 159 
12 2964.96 | — 2 1 ....5.. Ce ee 46395.53 | b4Pi—b4P; | 159 
Basis wees 2130.25 | + 2]...... > Aare 46730.57 | a4P{—b4P, | 160 
OO eel pots R696. 9% | 4d t... 5: US Rarer 40807.57 | a4Pj{—b4P; | 160 
Be ete vac 2134.06 | + @ |...... fs eer 40827.09 | a4Pi{—b4P,; | 160 
RBiim pend $598.62 | — 2 |..... os Seer 46853.64 | a4Pj;—b4P, | 160 
| ae g059.90 | = © 1........ 2} Repreee 46859.57 | a4P{—b4P,; | 160 
“eee 2132.20 Seer i eee 40885.06 | a4P{—b4P, | 160 
eee 2130.15 h, See Sa) eee 46930.18 | a4Pi—b4P; | 160 
“| epee 2104.37 “} CF aa 47505.03 | a27D;—b4P, | 161 
“ee 2101.28 |) Ae (o) 47574.88 | a?Fj—c4Dj | 162 
OG eae ate none. 541 + & }...... CUR) Seer 48657.04 | a?Fj—d?D{ | 163 
DR eaee, 9043.86 | + 3 |...... ie Serer 48925.62 | a’?F{/—d?Dj{ | 163 
RGA Skye 2041.49 ~ ) Beer Cl See 48968.03 | a?F{/—d?D) | 163 
_ eee 984.15 | + 9 |...... CS eee 52243.6 a4Fi—c4Dj | 164 
Beas bors.or | + 5 [...... | eas 52328.4 a4tFi—c4Di | 164 
Beresye 1909.74 | +11 |...... Of See 52363.1 a4F}—c4Ds | 164 
_ Sap 5900.33 | +-ir |...... Lo TS Seater 52374-4 a4Fi—c4Dj | 164 
8 1908.29 | +10 ]...... eae 52402.9 a4Fi—c4Dj | 164 
_ ere ae 1900.30 | + § }...<+. | Ey ees 52457-7 a4Fi—c4D) | 164 
NOTES TO TABLE II 

Source 


. Exner ard Haschek, ibid. 
. Fiebig, ibid. 
. Hasselberg, ibid. 


SN Aun WwW WD 


lished material. 


oo 


* Blend. 
t Arc Blend. 
t Error in A corrected. 


Displaced by blend. 








. Lang, unpublished material. 
9. Lohse, in Kayser, Handbuch der S pectroscopie, 6, 655, 1912. 
10. Miss Moore, unpublished material. 
11. Rowland, in Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 
12. Russell, unpublished material. 


1. Crew, Astrophysical Journal, 60, 108, 1924. 
. Eder und Valenta, in Kayser, Handbuch der Spectroscopie, 6, 655, 1912. 


. Kilby, Astrophysical Journal, 30, 243, 1900. 
. King, Mt. Wilson Contr., No. 274; Astrophysical Journal, 59, 155, 1924, and unpub- 


§ Strong reversed spark line coincides with arc line. 
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TABLE Ila 


Lines MASKING LINEs oF 77 II 











X(1.A.) Element v Designation Multiplet 
oS, ne ee Ti 21473.006 a4P}—a‘F, 18 
SE ee ere Ti 21595. 33 a4P}—as‘F, 18 
ee Tit 21973.64 a4‘P}—a’?F, 20 
CO Ee eee Ti° 28636.51 e?D,—d?D; 59 
Oe ee ere Ti 29744.53 b4P;—a?P, 69 
ae Ti 29800. 92 b4P;—a?P, 69 
COS eee Tit 30733-.43 a?D,—b?D{ 82 
MON: or cicisisiaae ces Tit 30773.63 b4F}—a?D; 86 
ee Tit 30907 .60 a4P}—b4D; 93 
a Tit 31063 .84 a4P$—b4D} 93 
oS a ee 7° 35573-19 a?P}—b?P, 129 
CT a eee Fet 37992.27 a4F;—dsF; 141 
OREO oo aciiectln sins Tit 39112. 22 a4tG)—dsF; 145 

















For the next level, b‘F’, with excitation potential‘ 0.15 volt, the 
strongest lines are of class III and those of medium intensity often 
of class iV, and the faintest ones of class V—appearing in the arc 
but not in the furnace. For a’F’ (0.60 volt) the strong lines are of 
class IV and reversed in the spark, and the weaker ones of class V. 
Next come a’D and a?G (1.08 and 1.12 volts), for which the strongest 
lines are of class V; a few of them are reversed in the spark, while 
the weaker components of the multiplets appear in the spark alone. 
Substantially the same statement is true of all the following terms 
from a‘P’ (1.18 volts) to b?G (1.88), but the proportion of the fainter 
lines which appear in the arc at all tends to diminish. For b’P’ 
(2.05 volts) only the stronger lines appear in the arc, and the higher 
terms, b?F’ (2.58), a’S (2.63), and c?D (3.10) give very few lines 
which are not confined to the spark. Finally, the lines corresponding 
to transitions upward from the odd triad a‘D’, a4F, a4G’, and the 
corresponding doublet terms, for which the excitation potential 
ranges from 3.73 to 4.28 volts, though some of them are very strong 
in the spark, appear as mere traces, if at all, in heavy exposures to 


the arc. 


t This term is to be understood here, as in the writer’s “List of Ultimate and Penulti- 
mate Lines,” as defining the energy required to raise an atom to the state in which it 
can absorb the lines in question. This is obviously the quantity which is of astrophysical 
importance. The excitation potential for emission of a line depends on the higher energy 


state involved and is much greater. 
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Temperature classification, therefore, is quite as important in 
analyzing a spark spectrum as it is for an arc spectrum. Additional 
stages in the classification—VI, VII, and so on—would be required 
to take care of the lines which appear feebly or not at all in the arc, 
and still further steps, based on a study of other sources, would lead 
up to more lines which appear only in the vacuum spark. The spec- 
trum of titanium, which, in an easily observable region, contains 
lines of all degrees of difficulty of excitation up to the very refrac- 
tory lines of 77 1v, would furnish excellent material for such an in- 
vestigation. 


6. ZEEMAN EFFECT 


The magnetic resolutions of many titanium lines have been meas- 
ured by King' and by Babcock (unpublished). A comparison of their 
results with the predictions of Landé’s theory’ is given in Table ITI. 
The first column gives the terms involved (without regard to which 
is at the higher energy-level) ; the second, the wave-length of the line; 
and the third and fourth, the observed displacements of the p and 
n components in the usual units. Babcock’s values are distinguished 
by being given to three decimal places. When there are several p or 
n components, the strongest is printed in heavy type. The letters 
“‘w,,”” “‘w.,” “w,” denote numerically greater degrees of widening of 
an unresolved group of components. 

The fifth and sixth columns give the theoretical pattern. When 
many close components are present, some of the intermediate ones 
are omitted, but the strongest ones are always given. The last two 
columns give the blended pattern which is likely to be observed when 
the group cannot be resolved. In deriving this, it has been assumed 
that the center of the unresolved group will appear to be one-fourth 
of the way from the strongest line toward the weakest. This rule 
closely approximates the results obtained by weighting the lines in 
proportion to their theoretical intensities.’ In practice, it appears to 
represent about what is observed for a line of moderate intensity. 
For strong lines, the effective mean position may be expected, for 


* Publications of the Carnegie Institution of Washington, No. 153, 36-43, 1912. 
2 Zeitschrift fiir Physik, 15, 189, 1923. 
3H. Honl, Zeitschrift fiir Physik, 31, 340, 1925. 
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TABLE III 
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ZEEMAN PATTERNS FOR Ji II 
































OBSERVED THeory* BLEND 
TERMS » | 
p n p n p n 
38,—?P,....... 4780 0.699 1.353 0.67 1.33 
%$,—*P3.... ++ 4805 347 0.993 33 1.00 
1.70 1.07 
cee 5 Se 4316 ° 0.671 .00 0.67 
2P,—*Pj....... 4330 271 1.479 Se 1.00 
1.67 
of eet Se 4350 ° 1.26 .00 t.33 
0.185 
2P,—2D, [4873 ? 0.87 .O7 0.73 ° 0.84 
4563 ° 81 87 
(4590 0.84 0.48 .27 0.53 0.66w] 1.03Ww 
| 1.05 .80 1.07 
*P.—*D, 4 1.60 1.60 
|4421 - 33 1.12W 
| 3706 0.62 ©.9OW: 
(4911 Wr 1.10 .07 1.00 ° 1.10 
?.—"D,...... {4533 Wi I. O1IW: .20 1.13 
4374 ° 1.022 1.26 
1.40 
5226 ° 0.804 .00 0.80 
| 5010 ° . 86 
4337 ° .810 
3757 ° 0.86 
; (4344 0.182 1.443 .20 0.60 Ww I.50W 
*D.—*D3...... 0.597 | 1.875 .60 1.00 
| 4287 W3 I.72W2 1.40 
(377 Wi 1.45 1.80 
5188 ° I. 202 .0O0 I.20 
; 5072 ° 1.20 
*D;—7D3...... | 4204 ° 1.220 
lesas ° ‘2 
(5381 ° 0.936 .03 0.77 ° ©.90 
*D.—"F; }4443 ° 923 0.09 . 83 
4411 ° . 887 .89 
4171 ° 0.89 0.94 























* The theoretical patterns given in the fifth and sixth columns and the computed blends in the last 
two columns apply equally to all of the lines having the same multiplet designation as indicated in the first 
column. Leaders in the fifth and sixth columns indicate the omission of one or more components from 
the theoretical pattern. 
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TABLE IlI—Continued 





I 

















OBSERVED THEORY* BLEND 
TERMS r 
p n p n ? n 

272D,—?F;...... 4450 0.82 1.20 0.17 0.34 0.69 .03 
-51 0.69 
. 86 1.03 
1.37 
z.9t 

5330 ° 1.086 .03 1.00 ° .07 
2-),—2F 4488 ° 1.072 .09 1.06 

; i alec 4395 ° 1.079 . i) ene 
4163 ° 1.04 $.8) 
2 —=— 
D;—*F, 3685 ° 1.05 ° 1.00 


"D.—*Fsf °°": 
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TABLE III—Continued 
OBSERVED THeEory* BLEND 
TERMS r 
? n p n p n 
2G,—Hs...... 4529 0.83W: | 1.07W2 0.10 0.20 0.71W| I.0IW 
5) Mg Crate 
.50 1.01 
9% ; 
.QI 1.82 
3G,—"Hg...... 4549 ° 1.051 .O1 1.00 ° 1.04 
.03 1.02 
poh oe 
4P,—4D,...... 4314 1.308 1.304 £.33 ..33 
‘P,—4D,...... [4398 0.71 0.46 0.73 0.47 
4301 -717 500 1.93 
4P,—‘D,;...... 4320 845 . 861 .87 0.87 
2.586 2.60 
4P,—4D, sete ee [4409 78 ? j "7 0-93 
4307 0.773 0.942 .80 1.47 
1.478 2.00 
1.976 
4P,—4D;...... 4290 Ww; 0.95W2 18 0.83 Ww I. 10w 
54 1.19 
z.8s 
1.9! 
4P,—4D....... 4330 W3 2.14W2 .20 1.00 w I.Qow 
.60 1.40 
1.80 
2.20 
‘P,—4Dj....... [4409 0.54 1.65 aa 1.03 o.46w| 1.48w 
4312 0.52 1.48 .34 1.26 
.57 1.48 
ee 
1.94 
Gist. :... [4395 Ws z. 18 .09 1.00 Ww I1.21W 
4300 OW2 I.157W2 . 26 5.27 
Tees 
1.86 
an [4568 0.86 ? .93 0.13 
P.—*D; 4464 0.88 0.00 1.73 
1.68 
TE g—"Dae cee 4470 1.40 0.39 0.47 0.33 
1.18 1.40 1.27 
2.22 2.20 
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OBSERVED THEORY* BLEND 
TERMS r» 
p n p n p n 
4P,—?D;...... 4417 0.263 0.356 0.27 0.40 
797 -731 . 80 0.93 
0.923 1.47 
1.4604 2.00 
2P,—4D, 4394 225 1.451 27 0.93 
1.47 
27P,—4D2...... 4418 0.253 1.275 .O7 1.13 0.17 2.27 
.20 1.27 
1.40 
7 — 4), ws 4309 ° 1.383 .02 I. 32 ° 1.40 
.06 5.35 
1.39 
1.43 
*7D,—4Dj...... 4173 0.34 1.27 .09 0.904 0.35 1.29 
. 26 I.11 
.43 1.29 
1.46 
1.63 
*D,—‘Dj...... 4161 W2 1.75W2 .Ir 0.86 ow 1.72W 
ie Be aes 
57 1.77 
2.00 
2F,—4F)....... 3814 W2 1.34 .23 0.63 ow I.3IW 
.69 1.08 
1.54 
sh — “Fi... 3836 Wr 1.42 .06 0.86 ow 1.29W 
Dj 0.97 
Re ee 
1.43 
sF.—4Fi... 2... 3813 Wi I.22 05 ©.90 ow I.19W 
ee Gr ees 
.24 1.19 
5) REE 
1.48 
2F,—4G;...... 4012 0.64 0.75W2 .14 0.14 0.64w| 0.71W 
-43 -43 
71 0.71 
1.00 
1.29 
pa e ao 0. 48w 
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obvious reasons, to be nearer the weakest component, and for 
weak lines, nearer the strongest. 

The agreement between the observed and computed separations 
is, in almost all cases, within the error of observation. It affords 
what is probably the most comprehensive test of Landé’s formulae 
for the case of a doublet system that can at present be made. The 
agreement is also excellent for the two quartet multiplets, and for 
the intercombinations, many of which show unusual and interesting 
Zeeman patterns. Further observations, especially in the ultra- 
violet, would be of value. The unresolved pair at \ 3685 would be 
especially interesting; but very high resolving power would be re- 
quired to separate the components. The observed resolution agrees 
tolerably with the anticipated blend. The line \ 4417 shows an 
n component at 0.731, which is not accounted for, and probably 
belongs to some neighboring line. 

The only real discordances are for \\ 4330 (b?P:—a’?P.), 4350 
(b?P;—a?P.), and 4421 (b?P}—b?D!). The observations of the first 
and third are complicated by adjacent lines; but it appears probable 
that the g values for a?P, and b*D; are abnormal. These two terms 
have the same inner-quantum number and closely adjacent energy- 
levels, and may perturb one another, as in the case studied by 
Back’ in calcium. The intensities of some of the combinations in- 
volving these terms are abnormal; for example, b?D,—a’?P, and 
a?D,—b?D: are the strongest lines in the corresponding multiplets, 
though they should be weak. The assumption that g=1.21 for 
a’P, (instead of 1.33) gives the patterns (0.27), 0.93, 1.48 for \ 4330, 
and (0.07, 0.19), 1.14, 1.27, 1.40 for \ 4350. 

The unresolved pattern for \ 4421 suggests that b*D; has a 
g value about 1.0 instead of 0.80; but the data are insufficient for 
a determination. 


7. THEORETICAL INTERPRETATION OF THE 
OBSERVED TERMS 
Hund’s theory? of the relation of spectral lines to electronic 
configurations in the atom finds an admirable confirmation in this 


* Zeitschrift fiir Physik, 33, 579, 1925. 
? [bid., p. 345; 34, 296, 1925. 
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spectrum. In the first long period, the orbits' of lowest total quan- 
tum number which the valency electron can occupy are 4s, 4p, 3d, 
and 4f. From general considerations based on our knowledge of 
other spectra it appears that the 3d and 4s electrons will be bound 
most closely, and almost equally so, and next the 4p’s, while the 
4f’s will be much more loosely held. The atomic configurations of 
lowest energy will therefore involve only 3d and 4s electrons, 
and will give rise to terms of the “even’’ set—S, P’, D, F’, etc. 
These terms will not combine with one another, but will combine 
freely with higher-lying “odd” terms S’, P, D’, F, etc., arising from 
configurations containing one 4p electron. These again will combine 
with still higher even terms, corresponding to configurations in 
which one of the electrons is raised to a 5s or 4d orbit. Configura- 
tions containing more highly excited electrons, or two 4p orbits, or a 
4f orbit, are likely to have such high energy as to give rise either to 
faint lines or to lines in the Schumann region. 

The lines which are to be expected from the various electronic 
configurations are given in Table IV. The groups of terms which 
should arise from the addition of a third electron to each of the 
spectroscopic terms of 77 m1’ corresponding to a given arrangement 
of the first two electrons are listed separately; thus the addition of a 
4p electron to the configuration which gives the sF’ term of Ji m 
(the normal state of the corresponding ion) gives triads of D’, F, 
G’ terms in the quartet and doublet systems. The electron which is 
supposed then to be added is the last in order in the configuration 
given in the first column. For the configurations (3d)’, where Pauli’s 
restriction is operative, such an assignment of the terms to particular 
terms in 77 m1 is impracticable. 

The observed terms which are believed to correspond to the vari- 
ous predictions of theory are given in the last column of Table IV. In 
some instances the identifications are immediate; thus the term a?H’ 
belongs to the same set as the lowest terms in the atom and is evi- 
dently even; and it can be assigned only to the configuration (3d). 
Similarly, a?S, which is also low and even, must belong to (3d)?4s, 

*The use of this convenient term indicates no dissent from the later “wave” 
theory. 

2 Mt. Wilson Contr., No. 337; Astrophysical Journal, 66, 25, 1927. 
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and the odd terms a‘S’, a‘G’, a’H to (3d)?4p, in the positions in 
which they are placed. 


TABLE IV 


PREDICTED AND OBSERVED TERMS IN 77 II 

















Configuration mt & Predicted Terms Observed Terms 
(3d)3 =: a4P’, b4F’ 
Py ane abreres beers 2p" 21), 2F’; 2G, 2H’,2D | a?P’, b*D, b*F’; a2G, a?H’, — 
, 4p’ b4P’ 
co) — a3P ‘apr beP’ 
= (4F’ ask’ 
a3F 25’ a?F’ 
atS 5 a’S 
a'D 2D a?D 
a'G 2G b?G 
fasD | 
3d(4s)?...... ‘DDS 2D c?D 
, 4S’, 4P, 4D’ a4S’, a4P, b4D’ 
(3d)*4p..... a3P ag/’ ap’ apy’ a2S!" bP. @D’ 
, {4D’, 4F, 4G’ a4D’, a4F, a4G’ 
ajF § , ~ 
. 2—)’, 2F, 2G’ a?D’, a?F, a?G’ 
a'S Meee tC MN ee tack on mameta emer 
a'D 2P, 2D’, ?F a?P, b?D’, b?F 
a'G aF, 2G’, 7H c?F, b?G’, a2H 
f4P, 4D’, 4F b4P, c4D’, — 
3d+4s°4p.... a3sD ¢ 2p’ 2D oF oP, Dp’ &F 
b'D 2P, *D’, *F —, eD’, eF 
ma 
(3A)?ss......] wR" fap ie RA aes on 
* (4F’ c4F’ 
a3k 2F’ c?F’ 
a'S a ee Nee At meee 
a'D ee eee ee ee rr ea 
aiG nD, Sorcteieye ree) ree Meyer mr wares wre 
‘4 yy’ rid — — 
(3d)24d...... a3P’ +2, zm ed Ft Pe 
iF’ f4P’, 4D, 4F’, 4G, 4H’ —, a4D, d4F’, a4G, a4H’ 
‘ 2p’ 2D, ?F’, 2G, 2H’ —, —, d?F’, c?G, b?H’ 
ats <r re rs ee eee eer 
a'D 2S, 2P’, 7D, ?F’, 7G —_—,—-, 
a'G *—, *F’, G, i’, 1 -—-- — 














In most cases, however, alternative possibilities are open, and 
further evidence is needed for the assignment. This can be obtained 
in several ways: (a) The terms formed by the addition of a p elec- 
tron to a given term of the “parent spectrum” of the next highest 
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degree of ionization form triads (except when the parent term is an 
S term). The terms of a given triad usually, though not always, lie 
at about the same level. (b) The terms which are produced by adding 
another electron to the arrangement corresponding to a given parent 
term combine with one another to give strong multiplets, while 
combinations with terms of different parentage usually give much 
weaker lines. The reason for this is evident; in the first case a single 
electron “‘jumps”’ without any rearrangement in the rest of the atom; 
in the second, more or less rearrangement takes place, which is 
statistically much less probable. (c) If the electron jump increases 
the azimuthal quantum number / (e.g., from an s to a p orbit), the 
multiplet in which the azimuthal quantum number L increases will 
be the strongest (e.g., the transition from F to G) and that in which 
it decreases, the weakest (F to D). But if the electron decreases its /, 
the opposite is the case. This rule was communicated to the writer 
by Dr. Otto Laporte. Like the preceding one, it is an obvious con- 
sequence of the correspondence principle. (d) Terms produced by 
adding an electron of a given kind (e.g., 4p) to various parent terms 
are usually, though not always, situated at about the same relative 
levels as the parent terms. 

The parent terms in 77 111, with their relative levels (measuring 
upward from the lowest level, and taking the component of highest 
inner-quantum number), are: 


(3d)? 3d «4s 


—_——_—__— oS - J ——_—_~- ——_—, 


a3F; 422 asD, 38,425 
a'D, 8473 b'D, 41,704 
asp 10,721 

a'S, 14,053? 


a'G, 14,398 


As for the strength of the combinations, Table V gives the esti- 
mated intensity of the strongest line in each of the multiplets result- 
ing from the combination of the terms which head the correspond- 
ing row and column, and provides the necessary data. 

Beginning with the quartet terms of 77 11, we find obvious triads 
of odd terms, a‘D’, a*F, a‘G’ and a‘S’, a*P, b*D’, which evidently 
belong to (3d)*4p and are produced by the addition of a 4p electron 
to asF’ and asP’, respectively. The average term values for the two 
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triads are (roughly) 31,400 and 41,000; their difference is 9600, while 
a3P’—a3F’ is 10,300. The two remaining odd quartet terms, b‘P 
and c*D’, may be assigned with confidence to the triad of origin 
3d-4s-4p. Their mean level, 54,400, is 23,000 higher than that of the 
lowest triad, while aD is 38,000 higher than a’F’, but this difference 
is not beyond the limits of probability. The multiplet a‘F’—c*D’ 
was found near \ 1900 in a list of lines measured by Professor Lang. 
The ¢F term, which should give another but fainter multiplet near 
by, could not be identified. 

Of the pair of low 4F’ terms, one must arise from (3d)3 and the 
other from (3d)?4s; and the same is true of the ¢P’ terms. It appears 
from Table V that a‘F’ gives a stronger combination with a‘G’ than 
with a‘D’, and bF’ the contrary; hence the former must be assigned 
to (3d)?4s and the latter to (3d). In the case of the 4P’ terms, the 
situation is reversed; the higher one, b*P’, combines strongly with 
b¢D’, while the combination from the lower one gives very faint 
lines. The resulting assignment is confirmed by the fact that b+P’ 
gives a strong multiplet with b‘P, and a‘P’ a weak one. In the former 
case the transition is from the configuration (3d)?4s to 3d-4s-4p, 
and involves only the jump of a single electron; in the latter the 
transition is from (3d)3, involving a double electron jump. 

Of the high even quartet terms, a‘H’ and a‘G can arise only from 
(3d)?4d. These terms combine strongly with the triad a‘D’, a‘F, 
a‘G’, and so must belong to the parent term aF. There can be 
no doubt that a‘D and the two high 4F’ terms also belong to this 
sub-group, the former and one of the latter arising from (3d)?4d, and 
the other ‘F’ term from (3d)’5s. Since an electron jump from p to d 
usually gives stronger lines than one from p to s, the term dF’, 
which gives the stronger multiplets, may be assigned to the first 
configuration, and c‘F’ to the second. This is confirmed by the fact 
that c‘F’ combines most strongly with the G’ term of the triad, and 
d‘F’ with the F term. The latter is what might be expected in com- 
binations between a triad and a pentad of terms of common origin, 
as has recently been shown in Sc 11.” 

All the known quartet terms have now been accounted for. The 


* Russell and Meggers, Scientific Papers of the Bureau of Standards, 22, 329 (No 
558), 1927. 
IIS!» 
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low even terms are theoretically complete, and all but one of the 
intermediate odd terms have been found. Of the high even terms, 
only those derived from the lowest parent terms in 77 11 have been 
detected, and, of these, one member of the pentad is missing—it 
should give the faintest combinations of the five. The terms derived 
from the other terms of 77 1m might be expected to give fainter 
combinations, and it is not surprising that they have not been de- 
tected. 

The numerous doublet terms present a more complicated prob- 
lem. Among the odd terms, however, three conspicuous triads are 
present, each of which combines with one of the low even terms to 
give strong reversed lines, thus: a?D’, a?F, a?G’ combine with a’F’; 
a’P, b*D’, b’F with a?D; and c’F, b’?G’, a?H with b’G. This makes it 
evident that each of these groups arises from a common parent term 
in Ti m1; and these must evidently be a’F’, a'D, and a'G, the low 
terms being of origin (3d)?4s and the others coming from (3d)?4p. 
Only three more levels remain below 50,000; these are a?S’, b?P, and 
c?D’, which fit the requirements of the fourth triad, of origin (3d)*4p 
and parent term a3P’. The mean levels of the leading components of 
these four triads are 32,755, 39,718, 45,719, and 42,627. Subtracting 
the levels of the parent terms in 77 1m, we find 32,333, 31,246, 
31,321, and 31,906—a striking confirmation of rule (d). 

The remaining odd terms, c’P, d?D’, d?F; e’?D’, e’F, fall naturally 
into place as a complete and incomplete triad arising from 3d-4s- 4p, 
though the assignment—and even the reality—of c’P is somewhat 
doubtful. The rest of the low even terms are now easy to place. The 
term a’S must be assigned to (3d)?4s. Of the terms a’?P’, b?P’, the 
former combines most strongly with the first member of the triad 
a’S’, b?P, cD’, and the latter with the last. This assigns b?P’ to 
(3d)?4s and a’P’ to (3d)3. The remaining low even terms must arise 
from (3d)3 or 3d(4s)?. Of these c?D, which lies at the highest level 
and combines strongly with e?D’, e?F, may be assigned with confi- 
dence to the latter configuration. It is noteworthy that this term 
combines more strongly with the higher triad of origin 3d-4s-4p, 
than with the lower one, and that this is also the case in Sc 1. The 
remaining doublet terms go by default to (3d)s. As may be seen 
from Table V, the intensities of their combinations with the odd 
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terms are in general less than for the terms of origin (3d)?4s and 
are more irregular. 

The few even high doublet terms which are known combine with 
the triad of parentage a’F’ and obviously arise from the configura- 
tions (3d)?5s and (3d)?4d. As in the case of the quartets, there are 
two F’ terms, of which the lower one, giving the weaker combina- 
tions, may be assigned to (3d)’5s. 

All the known terms of 77 11 are now accounted for theoretically. 
Conversely, all the low (even) terms which theory predicts have 
been found with the exception of one?D term of origin (3d)3. Among 
the middle (odd) terms of origin (3d)?4p only one ?P term is lacking. 
The parent 'S term in 77 mt has been identified very doubtfully, if 
at all. The missing *P and ‘F terms arising from 3d-4s-4p should 
give faint multiplets. Of the high even terms, only those arising 
from the lowest parent term in 77 11 have been observed, and some 
of these which should give the weaker combinations are missing. 

In all points, therefore, the character of the spectrum is in exact 
accordance with the predictions of Hund’s theory, including the 
fact that the ‘F’ terms are lower than the ‘P’ terms of the same 
origin, and that the quartet F’ and P’ terms are lower than the 
doublets which have the same parent term in 77 11. 


8. SERIES AND IONIZATION POTENTIAL 


According to the interpretation just given, the terms a‘F’, c*F’ 
are successive members of a series, as are also a?F’, c’F’. The limit 
of the series should be the lowest term aF’ of Ti 11, the components 
Fi, ?Fj going to a3F; as limit; ‘Fj, ?F{ to a’Fj; and 4F}, 4F) to a3F%. 
Applying a Rydberg formula in the usual manner, determining the 
height of the limit above the lowest level in 77 11, and subtracting 
the quantities required to reduce all the results to determinations of 
the difference in level between the normal state of 77 m1, a‘F:, and 
that of 77 m1, a3F), we find: 














Term ‘FE | ‘Fi ‘FS ‘Fi | *F4 | "Fi 
Limit. .. a ee 8 PIE 111,874 | 111,677 | 111,542 | 111,448 | 111,174 | 110,894 
ee 422 183 ° ° 422 183 
etisalat III,452 | 111,494 | 111,542 | 111,448 | 110,752 | 110,711 
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The results from the quartet and doublet terms agree quite as 
well as could be expected. The general mean is 111,233, correspond- 
ing to a value of 13.73 volts for the principal ionization potential of 
Ti 1—that is, the energy required to pass from the normal state of 
Ti u to that of 77 m1. 

This value is, however, probably slightly too high, for in other 
cases when a Rydberg formula is applied to the first two terms in a 
series involving the removal of ans electron, the computed limit is 
usually higher than that given by a Ritz formula for the whole 
series. 

For a number of spectra in which the 'S term is the lowest, the 
percentage excess of the ionization potential calculated from the 
first two terms of the S series above that derived from the full series 
is as given below. The ionization potentials for the ionized atoms 
have been divided by 4 to make them comparable with the others. 


DS Gace ncdduces Bat Srt+ Cat Mgt Cs Rb K 
eee 2.49 2.74 2.906 3.74 3.88 4.16 4.32 
Percentage error....... +2.8 +1.4 +1.6 +0.7 +2.0 +1.6 +1.2 
Element....... Na Ag Cu Mg Cd Au Zn Hg 
U/Z...ccceccese §-32 9.99 7-69 7.62 8.95 9.90 9.35 10699 


Percentage error +0.6 +3.0 +2.2 +3.9 +4.7 +3.3 +4.1 + 5.1 


The percentage of error evidently increases with the ionization po- 
tential and with the atomic number. From a plot of the data it 
appears probable that the correction for 77 m lies between 1.0 and 
1.5 per cent. The round number 110,000 for a*F'}—a‘*F:, correspond- 
ing to a principal ionization potential of 13.58 volts, is probably as 
good a value as can at present be adopted. 

No previous determination of the quantity has been made by 
physical methods. By the astrophysical method, based on the be- 
havior of the lines of 77 11 in stars of different spectral types, Menzel’ 
derived the value 12.5 volts—a good approximation, but, like the 
astrophysical determinations for other elements, a little too low. 

The only other series which might be represented among the 
observed terms in this spectrum involve the configurations (3d)5 
and (3d)?4d with parent term a3F’ in 77 m1; but any discussion of 


* Harvard Circular, No. 258, 1924. 
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these is greatly complicated by the fact that Pauli’s restriction oper- 
ates upon the lower configuration—abolishing a large number of 
the terms which would otherwise appear and perhaps changing the 
energy-levels of the others. Of the four known members of the 
pentad, a4D, dF’, a4G, a4H’, only the second can have a correspond- 
ing lower term, which must be b‘F’. Taking the leading components 
of these terms and referring them to the appropriate limit, a3Fj,which, 
with the adopted ionization potential, lies at the height 110,422 
above the origin of measurement for Ti 11, we find the term values 
for b*F{, d4F{ to be 109,207 and 41,341, giving the Rydberg de- 
nominators 2.004 and 3.257. These values indicate that the two 
terms are really in series—the lower one being bound with abnormal 
strength, presumably because it forms part of a “structural’’ group. 
This is the case in other spectra; for example, the analogous terms 
a3F’, b3F’ in Sc 1 give denominators 2.103, 3.284; and an instructive 
case in 77 1 will be discussed later. 

Among the doublet terms of origin (3d) the lowest is a?G. If this 
is assumed to belong to the lowest limit, asF’, it gives a denominator 
2.081, while c?G, which certainly belongs to this limit, gives the 
denominator 3.209; but whether the two terms are really in series 
cannot be definitely settled. Higher members of these series may 
well exist, but they would give lines in the Schumann region. 


g. CAUSE OF THE COMPLEXITY OF THE SPECTRUM 


In comparing a given spectrum with the spectra of neighboring 
elements, these may be taken either in the same state of ionization 
or in the states in which they have the same number of active elec- 
trons. In the latter case, the structure of the various spectra is 
very similar; in the former, the complexity increases rapidly as the 
incomplete shell of electrons begins to be filled. 

The writer and Dr. Meggers' have called attention to the great 
increase in spectral complexity which attends the transition from 
the one-electron system of Ca 11 to the two-electron system of Sc 1. 
In comparing such apparently dissimilar spectra, attention should 
be fixed, not upon spectroscopic terms, but upon electron jumps. 
For example, the H and K lines of Ca 1 correspond (in emission) 


t Loc. cit. 
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to the falling back of a 4p electron into a 4s orbit. The correspond- 
ing orbital transition in Sc 1 may be associated with many different 
arrangements or rearrangements of the other electron orbit, and 
may give rise, not to 2 lines, but to 36, while the transition from a 
4p to a 3d orbit gives 3 lines of Ca 11 and 50 of Sc 11. 

In 77 1 the complexity is much greater. The electron jump from 
4p to 4s, which in Ca 1 gives only two lines—H and K—produces 
in 7i u all the combinations between terms of origin (3d)?4p and 
(3d)*4s, and also those between groups of origin 3d-4s-4p and 
3d (4s)?. From the list of terms in Table IV it may be shown without 
difficulty that the permissible transitions between the terms of the 
first two groups should give rise, theoretically, to 63 lines belonging 
to the quartet system, 107 doublet lines, and 150 intercombination 
lines—a total of 320. The other groups of terms give 20 doublets 
and 16 intercombinations, so that the whole number of possible 
lines corresponding to this single electron jump is no less than 
356. 

The jump from 4p to 3d gives 3 lines in Ca u (the infra-red 
group). In 7i 1 the transition between (3d)?4p and (3d) should 
give 73 lines belonging to the quartets, 140 doublets, and 173 inter- 
combinations, while 3d-4s- 4p to (3d)?4s accounts for 34 quartets, 56 
doublets, and 86 intercombinations—a total of 562 lines. 

This computation takes no account of lines corresponding to 
changes in the “azimuthal” quantum number L by more than a unit 
(such as ?G—?D) or of transitions involving a double electron jump, 
as from 3d-4s-4p to (3d)5. 

When these possibilities—many of which are actually realized— 
are taken into account, it appears that the possible changes from 
configurations containing one electron in a 4p orbit to those in which 
all the valency electrons are in 4s or 3d orbits are capable of produc- 
ing more than 1000 lines in 77 1, as against 5 in Ca 1. Not all these 
lines, of course, have actually been observed; most of the intersystem 
combinations, and many of those between terms of the same system 
which have different parent terms in 77 11, are too faint. It is none 
the less evident why the observed spectrum is so rich; the electron 
jump, in this more complex atom, may be accompanied by a great 
number of different arrangements or rearrangements of the orbits 
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of the other valency electrons, each giving a different line. It is clear 
also that, if an atom can do but one thing at a time, the energy 
which in Ca 11 is concentrated into a few lines must in 77 1 be dis- 
tributed over a great many; which explains why there are no en- 
hanced lines of titanium which have the enormous strength of H 
and K. The strongest lines should be, and are, those in which no 
rearrangement of the rest of the atom takes place when the electron 
jumps. The magnitude of the energy change, and hence the wave- 
length of the line, depends mainly on the nature of the electron 
jump, so that all these strong lines are crowded together in one part 
of the spectrum, the near ultra-violet. The leading lines of the multi- 
plets corresponding to the transitions from each of the low terms of 
origin (3d)?4s to the related triad are as follows: 


asF’.... AA 3349, 3234, 3088 | ae AA 3190, 3278, 3230 
3248, 3106, 3332 Wt chicas 3349, 3759, 3085 
WG..... 3144 wGs..:.. 3261, 3505, 3103 
b?P’.... 3535, 3456, 4805 


The lines corresponding to an increase in the quantum number 
(which are the strongest of all) are given first in each row; thus 
d 3349 is a4F’—a4G’, \ 3234 is atF’—a4F, and \ 3088 is atF’—asD’. 

With the exception of b?P’—a’S’, all these multiplets lie within a 
range of 700 A in the near ultra-violet. The principal lines (in the 
first column) range over less than 4oo A. 

The jump from 4p to 3d happens, in 77 0, to involve the libera- 
tion of nearly the same amount of energy as that from 4p to 4s. 
In Ca 11 and Sc w it liberates less; in V m and Cr 1, more. Many 
of the strong lines arising from such transitions in 77 11 therefore lie 
in the near ultra-violet and add to the concentration of strong lines 
in this region; a minority of these straggle into the violet and blue 
and account for the lines which are at present of most importance in 
stellar spectroscopy. 


10. COMPARISON OF 77 If AND Sc I 


The arc spectrum of scandium should be similar in general struc- 
ture to the spark spectrum of titanium, and, since the former has re- 
cently been analyzed, it is of interest to compare the two. Quartet 
and doublet terms arising from similar electronic configurations 
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have been identified in both, but the relative levels in the two are 
very different; thus the 7D term of origin 3d(4s)? is the lowest of all 
in Sc 1, and the highest of the basal group in Ti u. This, and many 
differences of like nature, make the detailed structure of the two 
spectra appear very dissimilar; but the closeness of their actual 
relationship may be established by means of Moseley’s law. 

As applied to the optical spectra of elements of different atomic 
numbers, but with the same number of valency electrons remaining, 
this law states that the differences of V v/R for corresponding spec- 
troscopic terms of successive elements are substantially constant— 
where R is the Rydberg constant and v the term value (measured 


from its own proper limit). This difference, Al v/R, is almost exact- 
ly the same for all the various terms which can be produced by adding 
an electron of the same sort (e.g., 4p) to different limiting states of 
the atoms of the next degree of ionization; it is approximately the 
same for terms involving the addition of electrons of the same total 
quantum number (4s, 4p, 4d), but it decreases as the total quantum 
number increases. 

Only two of the “‘three-electron” spectra, Sc 1, 7i 1, V m,...., 
have been analyzed; but the test given in the last sentence is appli- 
cable. In applying it, it must be realized that a given term in 77 11 
may be derived in different ways from different terms in 77 m1. For 
example, the term béP, arising from the configuration 3d-4s-4p, may 
be produced by the addition of a 3d electron to the configuration 
48:4p of 7i 11—and, in particular, to the *P term arising from this 
configuration. It may also be produced by the addition of a 4s elec- 
tron to the *P term arising from 3d.4p, and of a 4p electron to the 
3—D term of origin 3d-4s. All three of these terms are known in 
Ti u1,' and also the corresponding ones in Sc 11,’ so that three differ- 
ent values of v are available for a test. 

The identification of the parent terms is unambiguous in this 
case; but when Pauli’s restriction operates, as in the passage from 
(3d)3 to (3d), it is harder to make. Here the terms 4F’, ¢P’,?P’, 7D, 

* Russell and Lang, Mt. Wilson Contr., No. 337; Astrophysical Journal, 66, 13, 


1927. 
2 Russell and Meggers, Scientific Papers of the Bureau of Standards, 22, 329 (No. 
558), 1927. 
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*F’, ?G, 7H’, 7D come from °F’, 3P’, 'S, *D, 'G. The quartet terms 
can arise only from the triplets. It is natural, though not inevitable, 
to associate 4F’ with 3F’, and 4P’ with *P’, and this is justified in the 
former case by the series relation discussed in section 8. The associa- 
tions given below for the doublet terms are uncertain. Similarly, in 
the transition from (3d)?4s (*F’, 4P’, 7S, ?P’, 7D, ?F’, 7G) to 3d-4s 
(3D, *D), the quartets must go to the triplet terms, and the doublets 
may go to either. Fortunately, as is shown below by writing out 
one or two cases, this uncertainty makes very little difference in the 


value of AV v/R. 

The actual comparison is given in Table VI. The various values 
of v are grouped according to the type of electron which is supposed 
to be removed, and again with respect to the electronic configura- 
tions involved. 

To save printing, the letters which identify the specific terms and 
limits of scandium and those for titanium are placed together, sepa- 
rated by a comma; thus in the fourth line the terms a?F’ in Sc 1 and 
a?F’ in Ti m1 are referred, respectively, to the limits a'D in Sc m and 
b'D in 77 11. 

The components of greatest inner-quantum number have been 
used in the calculations. In certain cases of ambiguity, when a doub- 
let term has been referred to alternatively possible singlet and triplet 
limits, the two lines are connected by a bracket. Cases in which the 
term has not been identified in one of the two spectra, or when the 
term value cannot be assigned (as is the case for a*P’, a4P, and a‘S’ 
in Sc 1, which could not be connected with any other terms), are 
represented by dashes. Many such terms which have been identified 
in one spectrum only are omitted to save space. The separations 
between the extreme components of the terms are given in the last 
three columns of the table. 

It is evident that Moseley’s law is very closely satisfied, the only 
serious discordances being for the two terms marked with colons, 
for both of which the assignment to the given electronic configura- 
tion is doubtful. 

Taking means of these differences for the various groups (omit- 
ting the doubtful cases), we have the summary in Table VII. The 
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TABLE VI 
COMPARISON OF Sc I AND Ji II 
V »/R SEPARATIONS 
eae TERMS Limits 
Sex Tiu Dirr. Sci Tiu RaTIOo 
"eee (3d)24s 3d-4s 
a, ash’ a, aD 0.622 1.158 0.536 157 303 0.40 
a, b4P’ ee f.capsan oa. Sere 81 152 os 
fa, a?F’ a, aD .597 1.144 547 115 269 .43 
a, a?F’ a, b'D 615 1.157 542 
b, a?7D a, b'D .600 1.142 .542 |— 12 33 |— .36 
a, b?G a, b'D 581 I.114 533 I- 3 |- 8 37 
a0. ....) (3d) (3d)? 
b, b4F’ a, a3F’ .478 | 0.998 . 520 143 308 .46 
b, a4P’ a, a3P’ 510 1.007 .488 80 155 52 
d, b?D b, a'D .508: | 0.982 .474: 54: 129 42: 
3d.....| 3d-4s°4p | 4s-4p 
a, b4P b, b3P .826 1.322 .496 67 103 0.65 
a, ed’ b, b3P .838 1.33 497 201 161 1.25 
acer b, bP 824 1.333 509: 145 7 } 
a, d?D’ b, bsP .8390 I. 332 493 |— 74 |— 43 7 
a, d?F b, b3P 812 1.310 498 53 146 0.3 
b, e?D’ b, b3P . 780 1.275 486 148 205 .50 
b, e?F b, b3P . 785 1.270 485 140 287 .49 
ae 3d (4s)? 3d+4s 
fa, c?D a, a3D .702 1.056 -354 168 232 0. 73 
a, c?7D a, b'D 7Uy 1.074 Ry, 
Pre (3d)24s (3d)? 
a, asf’ a, ask’ .657 1.003 346 
b, aD b, a®D .661 I .000 339 
a, a?F’ a, a3F’ .633 | 0.981 348 
a, b?G a, a'G .662 0.997 335 
ee 3d-4s-4p | 3d+4p 
a, b4P a, b3P 772 1.109 337 
a, c4D’ a, a3D’ 775 1.110 
a, cP 27 774 I. 130: 350: 
a, dD’ a, a'D’ 762 1.004 332 
a, @F a, a'F 770 1.104 . 334 
b, e?D’ a, a3D’ .721 1.036 .315 
b, eF a, a3F 0.715 1.034 0.319 : 
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TABLE VI—Continued 
V »/R SEPARATIONS 
en TERMS Limits 
Sci Tiu Dirr. Sci Tiu RaTIo 
4p.....| 3d*4s-4p | 3d-4s 
; 
a, b4P a, a3D 0.569 | 0.917 0. 348 
a, c4D’ a, a3D . 588 -935 347 
a, CP a, a'D . 586 .948: . 362: 
a, d?D’ a, a'D .608 .946 338 
a, @F a, a'D . 568 .Q17 . 349 
b, eD’ a, aD .516 .848 332 
b, e’F a, a3D . 509 .840 331 
yee (3d)?4p (3d)? 
b, a4D’ a, a3F’ .489 841 . 352 104 235 0.44 
b, asF a, a3F’ . 502 .849 347 176 404 38 
a, aiG’ a, a3F’ .520 .855 - 335 281 696 .40 
c, a?D’ a, a3F’ .480 846 . 366 92 269 . 34 
c, a@F a, a3F’ .484 .848 304 125 283 .44 
a, a?G’ a, a3F’ . 486 831 345 95 205 .46 
‘ a, as’ a, a3P’ anares . 858 
j c, a4P a, a3P’ Miao RE Bexscases | 87 212 41 
—, b4D’ | a, a3P’ eee Sen Spee t 235 
d, a?P b, a'D . 504 .848 344 |— 39 |— 7I .55 
d, b?D’ b, a'D .505 .848 - 343 105 243 .43 
, b*F b, a'D mprgt > on ae e ener e 148 
d, c?F a, a'G . 509 .838 . 329 8 |—158 |— .05 
b, b?G’ a, a'G .$n% .858 345 31 40 .78 
a, a?H a, a'G .514 . 846 332 fo)e) 235 -41 
ee (3d)?5s (3d)? 
d, c4F’ a, a3F’ 0.393 | 0.660 | 0.267 163 414 0.39 
corresponding mean differences for two-electron and one-electron 


systems are added for comparison." 

It is evident that the relations are very regular. The configura- 
tion 3d-4s-4p gives somewhat smaller differences than the others. 
If the results obtained from this configuration, which cannot occur 
in the two- and one-electron systems, are omitted from the means, 
the differences become almost identical with those for the simpler 
atomic systems. 


t Russell and Lang, Joc. cit., supplemented by unpublished studies on Ca 1. 
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The separations of the terms in Sc 1 and 77 u also show a fairly 
close parallelism. Out of 27 cases (excluding the two doubtful ones) 
the ratio of the separations lies between 0.34 and 0.55 in no less 
than 20. The mean for these is 0.44. The mean ratio of the separa- 
tions for 13 corresponding triplet terms in Sc 1m and 77 m1 is 0.49 
(omitting one discordant case); for three corresponding terms in 
Sc m1 and 77 Iv, it is o.54—a remarkably regular progression. 














TABLE VII 
MOsELEY’s LAW 
Added Electron 3d 48 4p 58 
Configuration (3d)?........ 0.504 0.342 0. 346 0. 267 
Configuration 3d-4s........ 539 355 Peer erence 
COMMMUFSTION 36°4D. «<0 cc ce caees SO So odd cited SE ner ae Rees 
Configuration 4s-4p........ 2 A Ee Saree. ran reriranae! SeMeres vom enrr rer 
Mean Ti mu—Sct.......... 512 342 3 267 
Mean Sc u—Cat.......... .551 351 51 . 265 
Mcan' Cau—K f..........- 0.535 ©. 369 0.353 0. 263 














It is worthy of special notice that the inverted terms in Sc 1 and 
Ti u1, which are rather numerous, correspond either to inverted 
terms in the other spectra or to terms of very small separation. 
Whatever influence is at work to produce the inversion evidently 
acts in almost the same way in the two cases. All these inverted 
terms appear to be derived from limits belonging to the singlet 
systems of Sc 1 or 77 101. 

There is, however, enough difference between the two spectra 
to show that the laws which govern the magnitude of the term sepa- 
rations must be rather complicated. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
May 1927 

















PHOTOGRAPH OF A REMARKABLE METEOR 
By ISSEI YAMAMOTO 


ABSTRACT 


An exceptionally bright meteor, of —14 mag., was observed photographically as well 
as visually. The path, color, speed, and some other physical characteristics indicate that 
it belongs to the Winnecke comet. 


As a part of a program to observe the Pons-Winnecke comet in 
the present year, the writer made a trip to southern Manchuria and 
set up a station at Mukden, from June 15 until July 1, 1927. The 
instruments used were all of small size, ranging from a 13-inch bin- 
ocular to a 63-inch reflecting telescope. Among these a 4-inch clock- 
driven Zeiss equatorial was very effectively employed. For photo- 
graphing, a small camera of 2-inch aperture, f= 4, was attached to the 
equatorial tube, and the main telescope was used for guiding. The 
weather was generally fair, and only two nights were completely 
cloudy. Thirty plates of the comet and twenty-one plates of other 
objects were taken during the interval. The present expedition was 
undertaken in order to avoid the rainy season, which occurs annually 
in the central part of Japan in June and July. 

Meteors connected with Winnecke’s comet were also watched 
throughout the interval. These meteors have radiant points which 
are sometimes quite diffuse, and move from Ursa Major Boétes. 
They are generally slow and of short path, according to Mr. Den- 
ning, who saw them for the first time in 1916. Early in 1g21, he 
appealed to observers of meteors for a careful watch of a probable 
fine display of the shower in that year." He and some others were 
somewhat disappointed in the actual apparition, but Mr. Kaname 
Nakamura, of the Kyoto University Observatory, obtained a fine 
series of observations of these meteors in June, July, and August, 
1921, and beautifully confirmed Denning’s prediction.? The meteors 
in 1921 were generally very faint, which caused some other observers 
to miss them. In the present year, 1927, the earth made an excep- 


Observatory, 44, 61, 1921. 
21. Yamamoto and K. Nakamura, Memoirs of the College of Science, Kyoto Imperial 
University, 5, 277, 1922. 


"329 











330 ; ISSEI YAMAMOTO 


tionally close approach to the comet nearly at the time of its peri- 
helion passage, and accordingly a more remarkable display of meteors 
was expected by some. Mr. K. Nakamura had actually detected the 
first trains of the expected meteors on June 1, but they remained 
fairly faint until the end of the month. On June 30, however, 
through a gap in a cloudy sky, the writer saw several bright meteors 
radiating from Boétes in an interval, from 21"0™ to 21"40™, Japanese 








Western Standard Time (eight hours in advance of Greenwich time). 
Among these, one was of +1 mag. and another was of —1. But, 
on the following nights, the meteors began to fade. 
Notwithstanding this, the writer had a rare experience with a 
meteor observed near midnight on June 29, while making an expo- 
sure with the small camera in the Ophiuchus-Scorpio region. The 
purpose was to photograph the two asteroids Ceres (1) and Parthenope 
(11), and the exposure began at 23°33™. The writer was, as usual, look- 
ing into the field of the guiding telescope. At 23'51™ (15"51™ U.T.) 
the surrounding sky suddenly flared up, and immediately the writer 

















A REMARKABLE METEOR 331 


thought it was due to the mischievous act of someone turning a 
flashlight toward the telescope. In the next moment, a remarkable 
meteor was noticed in the sky, perhaps in its climax of luminosity. 
The apparition was low in the southwestern sky, and the meteor was 
slowly moving downward in the next few seconds. Two or three 
times the nucleus of the meteor flared up, during the writer’s visual 
watch, which lasted for about three seconds before the disappearance 
of the phenomenon. The color was reddish yellow. The path was 
medium to short, and the speed rather slow. A bright streak was 
left behind, and the immediate surroundings were filled with lumi- 
nous dustlike matter during the climax of the apparition. These 
points, together with the track which can be traced backward to the 
radiant point, are likely to prove the meteor to belong to Winnecke’s 
comet. The maximum light of the meteor was estimated to be about 
four times as bright as the full moon, so that its stellar magnitude 
is —14 +1. 

It was a further surprise to the writer to realize, after a few 
moments’ consideration, that the position of the great meteor was 
in the central part of the region which he was photographing! The 
exposure was, according to his program, to end at 23"56™, and this 
was done. After developing, the image of the meteor was found 
quite satisfactory, and the two asteroids sought are seen on the 
original negative. The region covered by the plate includes the head 
of Scorpio, and Antares as well as Saturn are beautifully visible in 
the picture. In the photograph, the total brightness and the whole 
length of the track of the great meteor are considerably inferior to 
the visual impression of the writer, certainly because of the reddish 
color of the meteor. It is of especial interest that the peculiar nebu- 
losities along the path of the meteor are very well shown; these are 
characteristic of the Winnecke meteors. Another point of interest 
is the presence of the three knots of light on the track of the meteor 
during its fading phase. These knots are images of the successive 
flarings-up of light which were actually observed visually by the 
writer. The duration of the whole apparition was estimated visually 
to be five seconds at least. 

A few days afterward, the writer received a letter from Mr. Sh. 
Sawada, an amateur, who saw the same meteor at Dairen, a city 
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about 360 km (222 miles) southwest of Mukden. He states that the 
meteor appeared at a point a little east of Polaris and the altitude 
was from 40° to 35° approximately. The reported time of apparition 
is in close agreement with that of the writer. The brilliancy of the 
meteor was “enormous,” outshining all street lights. On consulting 
a local map, and from a simple triangulation based on track observa- 
tions at Mukden and Dairen, it is concluded that the meteor flared 
to its maximum brightness at a height of about 100 km above 
Hsiung-yo-cheng, a town nearly midway between the two cities, 
along the South-Manchurian Railway. 


Kyoto UNIVERSITY OBSERVATORY 
July 12, 1927 








